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ABSTRACT 




Atmospheric aerosols serve an important role in climate and air quality. However, 
there are still significant gaps in our scientific understanding of their impacts on climate. 
One of the greatest factors contributing to uncertainties in our estimations of these 
impacts can be attributed to the gap in the sources and formation pathways of secondary 
organic aerosols (SOAs). Carbonyl compounds, in particular, glyoxal and methylglyoxal, 
are two oxidation products of both anthropogenic and biogenic volatile organic 
compounds (VOCs) in the atmosphere. Field and modeling studies have indicated that 
these two compounds can serve as potentially important precursors to SOAs, and alter the 
physical and chemical properties of the aerosols. The mechanisms and atmospheric 
significance of these processes pose important questions which need to be addressed. 
Here, we report experiments targeted to study the following topics: 1) the chemical 
kinetics of methylglyoxal uptake to aqueous aerosols, and the subsequent formation of 
SOA material; 2) the oxidative aging of SOA material formed by methylglyoxal; 3) the 
impact of methylglyoxal on the cloud condensation nuclei (CCN) activity of the aerosol. 
These studies were conducted using either aerosols generated from bulk solutions of the 
organic and ammonium sulfate or by exposing the gas-phase organic to pure ammonium 
sulfate seed aerosols. A number of techniques were utilized including: a custom-built 
Aerosol Chemical Ionization Mass Spectrometer (Aerosol-CIMS), UV-Vis 
 
   
spectrophotometer, pendant drop tensiometry (PDT), continuous flow stream-wise 
thermal gradient CCN counter (CFSTGC), aerosol flow tube reactors, and an aerosol 
chamber.  
We found that the uptake of methylglyoxal to aerosols is a potentially significant 
source of light-absorbing SOA in the atmosphere. Additionally, the presence of 
methylglyoxal leads to surface tension depression with important implications for aerosol 
CCN activity. The aqueous-phase reaction products of glyoxal and methylglyoxal when 
NH4
+
 is present include species featuring unsaturated C=C bonds such as aldol 
condensation products and imidazoles. Upon oxidation by O3 and OH, these particles 
show an increase in light absorption, accompanied by the formation of smaller, more 
volatile organic acids. Aerosol chamber studies conducted where pure ammonium sulfate 
particles were exposed to gas-phase methylglyoxal and/or acetaldehyde show significant 
enhancements in CCN activity, which can increase cloud droplet number concentrations 
by up to 20%. The results of this work will provide for a more accurate representation of 
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CHAPTER 1. Introduction 
 Atmospheric aerosol particles can have a substantial impact on climate. There are 
a variety of uncertainties associated with them owing to their variable composition and 
the multiphase reactions that can occur within them. Previously, atmospheric chemistry 
focused primarily on chemical processes that can happen in the gas-phase. In the past 
decade increasing importance has been given to aqueous heterogeneous chemistry in 
aerosols leading to a growing number of studies that have focused on understanding its 
impacts on climate.  
 
1.1 Motivation 
Experimental, modeling, and field studies have all shown that atmospheric 
aerosols are ubiquitous in the atmosphere and are important for the climate and chemistry 
of the atmosphere besides having an impact on air quality, affecting human health and 
visibility. (IPCC, 2007; Rudich, 2003; Rudich et al., 2007) Aerosols have two main 
effects on climate: the direct effect and the indirect effect. The direct effect involves their 
ability to absorb and scatter incoming solar radiation, which can have a net warming or a 
net cooling effect, respectively. An increasing concentration of particles in the 
atmosphere provides additional surface area to absorb and scatter light, thereby affecting 
the Earth’s radiation balance. Furthermore, depending on the composition of the aerosol, 
they might either absorb or scatter radiation. For instance, black carbon, which is formed 
via combustion, absorbs radiation, having a net warming effect, whereas sulfate aerosols 
have a net cooling effect. In addition, aerosols can also affect cloud properties such as 
 
   
2 
their lifetime, albedo, optical and radiative properties. This is termed the aerosol indirect 
effect. (IPCC, 2007) The Intergovernmental Panel on Climate Change has recognized 
that the level of scientific understanding of the effect of aerosols on the radiative forcing 
of climate is low, as can be seen in Figure 1.1. Besides aerosols, they highlight a variety 
of different factors that influence radiative forcing such as greenhouse gases and ozone, 
but it should be noted that the uncertainty related to the indirect effect of aerosols is the 
largest. Hence, there is a need to enhance our fundamental understanding of the influence 
of aerosols on Earth’s climate and the chemical composition of the atmosphere. 
 
Figure 1.1. The major factors that affect the radiative forcing of climate. Figure 








Aerosol particles range in size from ~2nm to 20 μm. They can last for up to a 
week in the atmosphere. Their heterogeneous chemistry in the troposphere has been 
shown to play a critical role in climate and gas-phase atmospheric chemistry. (Liao and 
Seinfeld, 2005; Ravishankara, 1997; Jacob, 2000) Due to the uncertainty involved with 
tropospheric aerosol composition and morphologies, the heterogeneous interactions in the 
troposphere are not well-classified, thereby limiting our understanding of the atmospheric 
chemistry, making it an important area for future research. 
 
1.2.1 Organic Aerosols 
 Tropospheric aerosol particles are typically comprised of inorganic and organic 
matter. A major uncertainty associated with studying them is their highly variable 
composition; the organic mass in particles can range anywhere from 10 to 90%.
 
(Kanakidou et al., 2005) This organic aerosol (OA) material can influence various 
chemical and physical properties of the aerosol such as the heterogeneous reactivity of 
aerosol particles,
 
(Brown et al., 2006; Folkers et al., 2003; McNeill et al., 2006; Thornton 
and Abbatt, 2005) their ability to act as cloud condensation nuclei (CCN),
 
(Abbatt et al., 
2005; Köhler, 1936; Rudich et al., 2007) and their radiative properties. (Tabazadeh, 2005; 
Kent et al., 1983) For instance, organic matter can form a film on the surface of the 
particle and then influence its reactivity and/or uptake by various gases in the atmosphere 
including ozone (O3), hydroxyl radical (OH), and N2O5. (Anttila et al., 2006; Brown et 
al., 2006; McNeill et al., 2006; McNeill et al., 2007; Park et al., 2007; Thornton and 
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Abbatt, 2005) Additionally, the presence of organic matter can suppress the surface 
tension of the aerosol and affect its ability to form a cloud droplet. (McNeill et al., 2012) 
Figure 1.2 shows a map by Zhang et al., where they compiled particle 
composition data measured using an Aerosol Mass Spectrometer (AMS) from field 
campaigns at various urban and rural locations in the Northern hemisphere. (Zhang et al., 
2007a) Each color in the pie chart represents a different component of the aerosol 
composition, including nitrate, sulfate, ammonium, and organics. As can be seen from the 
figure, a majority of these sites contain over 50% of organic mass, which reiterates the 
importance of organic matter in aerosols.  
 
Figure 1.2. Aerosol Mass Spectrometer (AMS) data for various locations in the Northern 
Hemisphere adapted from Zhang et al. (Zhang et al., 2007a) Colors for the study labels 
indicate the type of sampling location: urban areas (blue), <100 miles downwind of major 






average mass concentration and chemical composition: organics (green), sulfate (red), 
nitrate (blue), and ammonium (orange). 
 
In the past decades, field measurements have identified numerous organic species 
in particles in the atmosphere, although their impact on atmospheric chemistry has still 
not been completely understood. (Jacobson et al., 2000; McMurry, 2000; Saxena and 
Hildemann, 1996) In the following sections, an overview will be provided on the role of 
OAs in tropospheric chemistry, and the increasing interest in understanding their sources 
and sinks. (Rudich et al., 2007) 
 
1.2.2 Secondary Organic Aerosols 
Organic aerosols can be either primary or secondary in nature. Primary organic 
aerosols (POA) refer to particles that are directly emitted into the atmosphere. They have 
both biogenic and anthropogenic sources, which include bubble bursting in marine 
environments, industrial emissions, and combustion amongst others. (Kanakidou et al., 
2005) Secondary organic aerosols (SOA) are not directly emitted, but are formed as a 
result of chemical reactions in the atmosphere.  
One way in which the organic content of aerosol may increase is by the oxidation 
of volatile organic compounds (VOCs) in the atmosphere, which can lead to the 
formation of less volatile products that can condense onto existing aerosols. (Seinfeld and 
Pankow, 2003) Heterogeneous reactions of gas-phase organic compounds on aqueous 
aerosols or cloud droplets can also form OA. (Carlton et al., 2006; Jang and Kamens, 
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2001; Kroll et al., 2005; Sareen et al., 2010; Schwier et al., 2010; Shapiro et al., 2009; 
Tan et al., 2010) These two classes of processes that lead to an increase in the organic 
content of aerosols are considered to be the two important sources of SOAs in the 
atmosphere. (Fuzzi et al., 2006) SOA formation can have important consequences for the 
physical and chemical properties of the seed aerosol. It is also essential to remember that 
SOAs are formed via interactions of VOCs with inorganic aerosols; they are not directly 
emitted into the atmosphere, hence reducing emissions is not necessarily effective in 
reducing their impacts on climate. There is a need to understand the different formation 
mechanisms and reaction pathways for SOAs. The formation of SOA material is still a 
major source of uncertainty in atmospheric chemistry models. An improved 
understanding of SOA formation pathways can help reduce the uncertainty in the aerosol 
forcing of climate and will allow for a more accurate representation of these processes in 
atmospheric chemistry and climate models, thereby enhancing their prognostic 
capabilities. 
 
1.2.3  Impact of SOAs on Aerosol Chemical and Physical Properties 
In addition to our lack of understanding of the formation pathways of SOA, it is 
unclear how they contribute to the aerosol direct and indirect effect. SOAs can alter the 
optical properties of the seed particles, hence the direct effect. They can also affect the 
ability of a particle to nucleate and grow into a cloud droplet, i.e. the CCN activity of the 







1.2.3.1 SOAs and Direct Effect 
It has been hypothesized that SOAs can be a source of atmospheric brown carbon. 
Brown carbon includes non-soot, light-absorbing carbonaceous aerosols that have been 
identified in air affected by pollution or the burning of biomass or biofuel. (Alexander et 
al., 2008; Andreae and Gelencsér, 2006; Bank and Castillo, 1987; Havers et al., 1998; 
Pósfai et al., 2004) Compared to black carbon (soot, formed from incomplete combustion 
of fossil fuels and biomass), brown carbon does not absorb at wavelengths of ~550 nm 
and higher, thereby not having a major impact on aerosol absorption in these ranges. 
(Kirchstetter et al., 2004) But, brown carbon does absorb strongly at the lower UV 
wavelengths which can alter tropospheric photochemistry, reducing ozone levels. 
(Jacobson, 1999, 2002) Because of the lack of understanding of the formation 
mechanisms and physical properties of brown carbon, they are not well-represented in 
atmospheric chemistry and climate models; consequently their role in heating or cooling 
of the atmosphere can not be accurately known.  
 
1.2.3.2 SOAs and Indirect Effect 
SOA formed from the condensation of gas-phase semivolatile oxidation products 
has been shown to form thin (~10nm) multilayer coatings around aqueous inorganic seed 
aerosols. (Anttila et al., 2007) This phenomenon of film formation could also play a role 
in the generation of SOA from the heterogeneous uptake of VOCs. SOA species are 
likely to be surface-active as they will contain oxygenated, polar functional groups, 
thereby making possible the formation of a film on aqueous aerosols. (Asa-Awuku et al., 
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2010; Sareen et al., 2010; Schwier et al., 2010) This organic film formation has the 
potential of inhibiting the transfer of gas phase species to and from the aerosol surface 
layer; hence affecting the particle’s heterogeneous reactivity and its CCN ability.
 
 
Numerous experimental (Corrigan and Novakov, 1999; Cruz and Pandis, 1997, 
1998; Ekström et al., 2009; Henning et al., 2005; Prenni et al., 2001; Raymond and 
Pandis, 2002, 2003) and field studies (Liu et al., 1996; Facchini et al., 1999) have shown 
that the presence of surfactants in aerosols can impact the CCN activity of the aerosol. 
Köhler theory describes cloud droplet activation and growth from soluble particles as an 
equilibrium process. (Köhler, 1936) The ability of a particle to act as a CCN is dependent 
on its surface tension and typically Köhler Theory is used to describe how it activates at a 
given supersaturation. The Köhler equation takes into account two competing effects: the 
Raoult, or solute effect, which tends to decrease the equilibrium vapor pressure of water 
over the growing droplet, and the Kelvin or curvature effect, which serves to increase the 
equilibrium vapor pressure. Surface films affect the surface tension of the aerosol, which 
comes into play in the Kelvin effect here. Surface films can affect cloud formation by 
retarding the growth of CCN and driving up cloud supersaturation, hence proving to be 
an important factor in the aerosol-cloud-climate problem. (Feingold and Chuang, 2002) 
 
1.2.4 The Importance of Carbonyl Compounds and Aerosol Heterogeneous 
Chemistry 
Carbonyl compounds are prevalent in the atmosphere in the gas-phase and can 






chemistry in the troposphere primarily due to their role as stable intermediate products of 
photooxidation reactions of organics. Industrial and vehicular exhausts are the primary 
sources of carbonyls in the atmosphere. Photochemical reactions of other VOCs are a 
secondary source. Recent work has focused on understanding the mechanisms of how 
carbonyl compounds like glyoxal, methylglyoxal, acetaldehyde, formaldehyde, can be 
potential SOA precursors and how they can impact the properties of the seed aerosol. 
(Grosjean et al., 2002; Sin et al., 2001; De Haan et al., 2009a; Galloway et al., 2009; Li et 
al., 2011; Nozière et al., 2009b; Sareen et al., 2010; Schwier et al., 2010; Shapiro et al., 
2009) 
Recent field measurements have shown the presence of significantly more SOA 
than has been predicted by state-of-art atmospheric chemistry models, which means that 
there is a need to identify other SOA precursors or mechanisms, as highlighted in the 
previous section. (Heald et al., 2005; Volkamer et al., 2007) Studies suggest that a 
significant source of this unaccounted-for OA might be the heterogeneous uptake of 
glyoxal by aerosols, followed by particle-phase chemical processing to yield low-vapor-
pressure organics. (Volkamer et al., 2007) Glyoxal is a first-generation gas-phase 
oxidation product of various biogenic and anthropogenic VOCs. (Baker et al., 2005; 
Tuazon et al., 2005) It has recently been observed that the glyoxal concentrations in 
Mexico City were significantly lower than those predicted by models. These studies 
concluded that this missing sink of glyoxal resulted from irreversible heterogeneous 
uptake to aqueous inorganic aerosol. (Volkamer et al., 2007) Hence, it was hypothesized 
that there is a link between the missing glyoxal sink and missing SOA source observed in 
Mexico City; particularly that glyoxal is taken up by existing particles to form SOAs, 
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making it a potential SOA precursor. Even though the exact mechanisms of this process 
were unknown, adding an uptake coefficient for glyoxal to aerosols into the model helped 
bridge the gap between the measured and predicted SOA in Mexico City.  
As a result of these observations, there has been an increased focus in recent years 
on understanding the role of glyoxal as an SOA precursor. Various techniques have since 
been used to study the different chemical and physical properties of SOAs resulting from 
glyoxal. It has been observed that glyoxal forms light-absorbing compounds and that they 
can react in the aqueous phase to form organic acids, oligomers, organo-sulfates, nitrogen 
containing compounds. (Galloway et al., 2009; Nozière et al., 2009b; Shapiro et al., 
2009) Various mechanisms have been identified that lead to the formation of these 
compounds, including photochemical oxidation, acid-catalyzed reactions, and self-
oligomerization. (De Haan et al., 2009a; De Haan et al., 2009b; Galloway et al., 2009; 
Kroll et al., 2005; Liggio et al., 2005; Shapiro et al., 2009; Lim et al., 2010) 
Another dicarbonyl compound that has been proposed to be a potential SOA 
precursor is methylglyoxal. It has an additional methyl group, which can lead to 
potentially more interesting chemistry as compared to glyoxal. Both compounds coexist 
in the atmosphere as they are first-generation oxidation products of similar biogenic and 
anthropogenic VOCs. (Baker et al., 2005; Tuazon et al., 2005; Tuazon et al., 1984; 
Tuazon et al., 1986; Volkamer et al., 2005; Volkamer et al., 2001) Aerosol chamber 
studies have shown negligible particle growth when methylglyoxal is exposed to 
inorganic seed aerosols, contrary to what was observed for glyoxal. (Kroll et al., 2005) It 
has also been suggested that oligomers formed from methylglyoxal can explain the 






al., 2004) Compared to glyoxal less is known about the effect of methylglyoxal in 
atmospheric chemistry and formation of SOAs. 
 
1.3 Goals of this Research 
 The main goal of this research has been to explore the role of carbonyl 
compounds in the atmosphere, with a focus on methylglyoxal as a potential SOA 
precursor and its impacts on aerosol physical and chemical properties. Using our 
understanding of the chemistry of the atmosphere and various analytical tools, we will 
address the following science questions: 
1. Can the interactions of methylglyoxal with inorganic aqueous aerosols be an 
atmospherically relevant pathway for SOA formation with important implications 
for properties of the seed aerosol?  
 
2. What is the lifetime of aerosols formed from methylglyoxal and ammonium 
sulfate in an oxidizing environment and how does oxidation impact light-
absorption of these aerosols? 
 
3. Can the presence of carbonyls like methylglyoxal and acetaldehyde affect the 
CCN activity of aerosols? 
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1.4 Thesis Outline 
The main goal of my research has been to assess the hypothesis that 
methylglyoxal can be a potential SOA precursor, and that it can affect the optical 
properties and CCN activity of the seed aerosol.  
In chapter 2, the focus lies on analyzing the optical properties and the surface 
tension of bulk solutions containing methylglyoxal and ammonium sulfate and 
determining the composition and reaction pathways of these aerosol mimics. Various 
tools are used to evaluate this goal. We will use bulk solutions that mimic atmospheric 
aerosols as a proxy to study the chemistry and various properties of aerosols formed from 
methylglyoxal and ammonium sulfate. These bulk solutions provide us with a first order 
estimate of the how the presence of methylglyoxal can impact aqueous aerosol chemistry. 
It helps us to narrow the scope of future studies which can be conducted at even more 
atmospherically relevant conditions in aerosol chambers and flow tube reactors.  
An Aerosol Chemical Ionization Mass Spectrometer (Aerosol-CIMS) is used to 
determine the composition of these aerosol mimics. Knowing the products of this 
reaction, allows us to outline the different reaction pathways and mechanisms that can 
occur in the presence of methylglyoxal in the atmosphere. Chemical ionization is a 
relatively soft ionization technique, which is essential for our studies as we focus on 
organics and require the least amount of fragmentation of our particles.  
To study how these aerosols can impact the direct effect on climate, we use UV-






insight into the kinetics of the reactions with methylglyoxal. We will explore the 
possibility of these aerosols to be a source of “brown carbon”.  
Lastly, we will evaluate the impact of the presence of methylglyoxal on the 
indirect effect of climate, i.e. if it influences the ability of a particle to form a cloud 
droplet. To this effect, we will study the surface tension properties of the bulk mixtures 
containing methylglyoxal and ammonium sulfate using pendant drop tensiometry (PDT). 
Organic material in the atmosphere can be surface-active comprising of both hydrophilic 
and hydrophobic moieties. In an aerosol particle, these can partition to the gas-liquid 
interface and form a film that can lower the surface tension of the aerosol. (Sareen et al., 
2010; Schwier et al., 2010) This has important implications for the heterogeneous 
reactivity of the aerosol towards gases like N2O5, ozone, and, OH in the atmosphere, for 
ice nucleation, and for the cloud forming potential of the particle. Numerous 
experimental (Corrigan and Novakov, 1999; Cruz and Pandis, 1997, 1998; Ekström et al., 
2009; Henning et al., 2005; Prenni et al., 2001; Raymond and Pandis, 2002, 2003) and 
field studies (Liu et al., 1996; Facchini et al., 1999) have shown that the presence of 
surfactants in aerosols can impact the ability of an aerosol to nucleate and grow into a 
cloud droplet, also known as cloud condensation nucleus (CCN) activity. Hence, if the 
presence of methylglyoxal affects the surface tension of the aerosol, it can have important 
implications for CCN activity.  
We show that methylglyoxal forms light-absorbing secondary organic material in 
aqueous ammonium sulfate and ammonium nitrate solutions mimicking tropospheric 
aerosol particles. Aqueous solutions of methylglyoxal, with and without inorganic salts, 
exhibit significant surface tension depression. Evidence of aldol condensation products 
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and oligomeric species up to 759 amu was found using Aerosol-CIMS. These 
observations add to the growing body of evidence that dicarbonyl compounds may form 
secondary organic material in the aerosol aqueous phase, and that secondary organic 
aerosol formation via heterogeneous processes may affect seed aerosol properties. 
In chapter 3, we will study the effect of oxidation by ozone and OH on the 
secondary organic material formed from methylglyoxal and ammonium sulfate. If the 
atmospheric lifetimes of this SOA material are sufficiently long, they may affect aerosol 
optical properties and could potentially be used as tracer species for methylglyoxal SOA 
formation chemistry. The atmosphere is a huge reservoir of oxidants such as ozone, OH, 
and NO3. In such an environment, the formation of SOAs that have methylglyoxal as a 
precursor will be competed with their degradation via the above-mentioned oxidants. 
Upon oxidation, the optical and CCN properties of the SOAs can also be altered. In order 
to study the lifetimes of these compounds, the aerosol mimics of methylglyoxal and 
ammonium sulfate will be exposed to the oxidant of choice in a flow tube reactor coupled 
to the Aerosol-CIMS. Reaction rates and other kinetic parameters can be attained by 
changing the reaction times in the reactor. UV-Visible absorption of particles will be 
compared before and after oxidation. Oxidation mechanisms, products, and atmospheric 
lifetimes will be discussed. 
Chapter 4 explores the ability of secondary organic surface-active material in the 
atmosphere to affect the CCN activity of the seed aerosol, and thereby the indirect effect 
on climate as highlighted previously If methylglyoxal is found to be surface-active in 






mentioned previously, the equilibrium growth and activation of an aqueous particle is 
described by Köhler Theory: 






                 (1.1)      
with 
   
    
    
        
     
   
  
where S is the equilibrium water vapor supersaturation, Dp is the diameter of the aqueous 
droplet, Mw is the molecular weight of water and w is its density, R is the gas constant, T 
is temperature,  is surface tension, and ns is the number of moles of solute. 
The ‘A’ term which accounts for the surface tension of the particle is called the 
Kelvin effect, and it describes the enhancement of vapor pressure due to the curvature of 
the droplet. The ‘B’ term or the Raoult effect accounts for the changes in vapor pressure 
due to solute concentration. According to the assumptions of Köhler theory, when the 
ambient water saturation ratios exceed S, the particles spontaneously activate and grow to 
form cloud droplets.  
Here, an aerosol chamber will be used to study how gas-phase methylglyoxal 
and/or acetaldehyde interact with inorganic seed aerosols and alter their CCN potential. 
Compared to a flow tube reactor, an aerosol chamber allows for longer residence times to 
be tested that can be more atmospherically relevant. A continuous flow stream-wise 
thermal gradient CCN counter (CFSTGC) is coupled to the chamber to study the CCN 
activity of the aerosols. This instrument comprises of a vertical column with wetted 
walls. These wet walls and a temperature gradient through the column forms the water 
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vapor needed to produce the various supersaturations. Under these supersaturation 
conditions, a particle can activate to form droplets, which are measured by an optical 
particle counter. Scanning Mobility CCN Analysis (SMCA) (Moore et al., 2010) is used 
to obtain fast measurements of size-resolved CCN activity of the aerosol particles. 
Significant enhancements in CCN activity, up to 15% reduction in critical dry 
diameter for activation, are observed over a timescale of hours. This reduction in critical 
diameter enhances the apparent particle hygroscopicity up to 65%, which can lead to a 
significant increase in cloud droplet number concentrations by up to 20%. This is the first 
time that the presence of relatively insoluble VOCs has been shown to enhance aerosol 
CCN activity. 









CHAPTER 2. Secondary organic material formed by methylglyoxal in 
aqueous aerosol mimics 
 
2.1  Introduction 
Laboratory and field studies suggest that carbonyl-containing volatile organic 
compounds, when absorbed by aqueous aerosol particles or cloud droplets, participate in 
aqueous-phase chemistry to form low-volatility secondary organic material (SOA). 
(Altieri et al., 2008; Carlton et al., 2008; De Haan et al., 2009a; El Haddad et al., 2009; 
Fu et al., 2009; Galloway et al., 2009; Jang et al., 2002; Kroll et al., 2005; Liggio et al., 
2005; Loeffler et al., 2006; Nozière et al., 2009b, a; Shapiro et al., 2009; Volkamer et al., 
2007; Zhao et al., 2006; Gao et al., 2006; Volkamer et al., 2006; Volkamer et al., 2009) 
There is evidence that SOA formation may affect properties of the seed aerosol such as 
CCN activity (Cruz and Pandis, 1997; Engelhart et al., 2008a; King et al., 2009; Michaud 
et al., 2009; Duplissy et al., 2008; Huff Hartz et al., 2005; King et al., 2007), optical 
properties (Casale et al., 2007; De Haan et al., 2009a; Nozière et al., 2007, 2009b; 
Nozière and Esteve, 2007; Shapiro et al., 2009), and heterogeneous reactivity towards 
gases such as N2O5 (Anttila et al., 2006; Folkers et al., 2003). A variety of potentially 
surface-active SOA products have been proposed, including organic acids, 
organosulfates, nitrogen-containing organics, aldol condensation products, and highly 
oxygenated oligomeric material. In an aqueous aerosol particle, surface-active products 
may partition to the gas-particle interface, lowering the surface tension (and thus the 
critical supersaturation required for cloud droplet activation) and acting as a barrier to 
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mass transport between the gas and aqueous phases. Light-absorbing SOA products 
which could increase the absorption index of the seed aerosol have also been identified in 
laboratory studies. Aldehydes have been reported to undergo aldol condensation in 
aqueous aerosol mimics to form -conjugated species. (Casale et al., 2007; Nozière et al., 
2007; Nozière and Esteve, 2007) We recently reported the formation of light-absorbing, 
oligomeric molecules in aqueous aerosol mimics containing glyoxal and ammonium 
salts. (Shapiro et al., 2009) De Haan et al. (2009a,b) observed browning upon the reaction 
of glyoxal with amino acids in aerosol and cloud droplet mimics. (De Haan et al., 2009a; 
De Haan et al., 2009b; Nozière et al., 2009a) 
Methylglyoxal (C3H4O2) is an atmospheric oxidation product of many 
anthropogenic and biogenic volatile organic compounds. (Grosjean et al., 1993; Smith et 
al., 1999; Tuazon et al., 1986) There is mixed evidence in the literature regarding the 
potential of methylglyoxal to be a direct precursor for heterogeneous SOA formation in 
aqueous aerosols. Methylglyoxal becomes hydrated and forms acetal and hemiacetal 
oligomers in aqueous solution. (Kalberer et al., 2004; Krizner et al., 2009; Loeffler et al., 
2006; Nemet et al., 2004; Paulsen et al., 2005; Zhao et al., 2006) Kalberer et al. (2004) 
suggested that methylglyoxal acetal oligomers could explain their observation of 
polymeric material in secondary organic aerosols formed in a reaction chamber by the 
photooxidation of 1,3,5-trimethylbenzene. Barsanti and Pankow (2005) and Krizner et al. 
(2009) predicted that aldol condensation should be favorable for methylglyoxal in 
aerosols. (Barsanti and Pankow, 2005; Krizner et al., 2009) Singly hydrated 
methylglyoxal has been reported to be the dominant monomeric species in aqueous 






participate in self-aldol condensation via two possible pathways initiating with enol 
formation with the C=C double bond forming from either terminal carbon, as shown in 
Scheme 2.1. Note that we refer to the overall process of aldol addition followed by 
dehydration as aldol condensation. (Muller, 1994) Zhao et al. (2006) measured non-zero 
methylglyoxal uptake onto aqueous sulfuric acid solutions in a coated-wall flow tube 
reactor. However, in aerosol chamber studies Kroll et al. (2005) observed that 
methylglyoxal uptake to acidic ammonium sulfate seed aerosols did not lead to 
significant particle growth. 
 
 
Scheme 2.1. Proposed reaction pathways for methylglyoxal. 
 
We studied the formation of light-absorbing secondary organic products in 
aqueous solutions containing methylglyoxal and ammonium salts. The kinetics of 
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the reaction products via atomization of diluted reaction mixtures followed by detection 
with chemical ionization mass spectrometry with a volatilization flow tube inlet 
(Aerosol-CIMS). We found evidence of aldol condensation products and high-molecular-
weight oligomeric species, as well as possible sulfur-containing compounds and carbon-
nitrogen species. Pendant drop tensiometry measurements show that aqueous solutions of 
methylglyoxal exhibit surface tension depression, and the effect is enhanced when NaCl 
or (NH4)2SO4 is present. These observations add to the growing body of evidence that 
dicarbonyl compounds form secondary organic material in the aqueous phase, and that 




2.2.1 Bulk Solution Preparation  
Salt concentrations in atmospheric aerosols at typical relative humidities exceed 
bulk saturation concentrations. (Tang, 1997; Tang and Munkelwitz, 1994) In an effort to 
mimic atmospheric aerosol compositions to the extent possible in a bulk solution, 
solutions were prepared using Millipore water and high (near-saturation) concentrations 
of the salt of interest (3.1 M (NH4)2SO4, 5.1 M NaCl, 1.18 M Na2SO4, 8.7 M NH4NO3). 
Methylglyoxal concentrations ranged from 0–2.0 M, corresponding to ~0-25 wt% of the 
solute. Methylglyoxal was introduced from a 40 wt% aqueous solution (Sigma Aldrich). 
Mixing time was counted as time after the 40 wt% methylglyoxal solution was 
introduced to the aqueous salt solution. The aqueous methylglyoxal stock solution 
was pH = 2.0 (±0.1) when tested with an Accumet model 20 pH/conductivity meter 






were pH = 2.0 (±0.1), without buffering or further addition of acid. This is within the 
range of pH relevant to tropospheric aerosols. (Keene et al., 2004; Zhang et al., 2007b) 
In experiments performed to test the effect of varying pH, dilute HNO3 was added to 
the reaction mixtures dropwise until the desired pH was reached.   
Methylglyoxal stock solution is acidic due to the presence of a small amount 
of pyruvic acid impurity. Pyruvic acid is a relatively strong organic acid, with pKa = 
2.49. Therefore, the fact that our stock solution is pH =2 corresponds to a very small 
(0.07% by mole) impurity of pyruvic acid in the methylglyoxal stock solution. 
Solutions were prepared in 100 mL Pyrex volumetric flasks. Pyrex is opaque 
to light with wavelengths < 280 nm (Corning, Inc.), but the samples were not further 
protected from ambient light except for control experiments as specified in the text. 
All experiments were performed at ambient temperature and pressure.  
 
2.2.2 UV-Vis Spectrophotometry 
The UV-Vis absorption spectra of the reaction mixtures were measured using an 
HP 8453 UV-Visible Spectrophotometer with a 10 mm open-top quartz cuvette.  
 
2.2.3 Surface Tension Measurements 
Surface tension was measured using pendant drop tensiometry as described in 
Shapiro et al. (2009). Briefly, droplets of sample solution were suspended from the tip 
of a glass capillary tube using a 100 L syringe mounted inside a chamber with quartz 
windows. Images were captured as described by Anastasiadis et al. (1987). 
(Anastasiadis et al., 1987) The method of Canny (1986) was implemented in MATLAB 
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7.0 (The MathWorks, Inc.) for edge detection. (Canny, 1986) Surface tension was 







          (2.1)
 
where  is surface tension,  is the difference in density between the solution and 
the gas phase, g is acceleration due to gravity, de is the equatorial diameter of the 
droplet, and H is the shape factor. (Adamson and Gast, 1997) The  method of several 
selected planes was used for determining H based on the diameter of the drop at five 
intervals along the drop axis. (Juza, 1997) Solution density was measured using an 
analytical balance readable to within ±10 g (Denver Instruments). 
 
2.2.4 Aerosol-CIMS 
Aerosol-CIMS enables measurements of aerosol composition simultaneously 
with gas-phase composition, with the high sensitivity, selectivity, and fast time 
response of CIMS. (Hearn and Smith, 2004a; McNeill et al., 2007; McNeill et al., 2008; 
Hearn and Smith, 2006a) This technique allows speciated measurements of aerosol 
organics which are selective based on the choice of parent ion. Chemical ionization is a 
relatively soft ionization technique that results in low fragmentation of organics, thus 
simplifying their identification and quantification. Aerosol-CIMS has been used for 
laboratory studies of the oxidative aging of organic aerosols (Hearn and Smith, 2004b, 
2005; Hearn et al., 2005; Hearn and Smith, 2007, 2006b; Hearn et al., 2007; McNeill et 
al., 2007; McNeill et al., 2008) and to characterize aerosols of unknown, complex 






Experiments were conducted using a custom-built Aerosol-CIMS apparatus. 





(H2O)n using a quadrupole mass spectrometer with high mass ( 1000 amu) 





complementary in their versatility (H3O
+.
(H2O)n) and selectivity (I
-
). A schematic of the 
experimental system is shown in Figure 2.1. 
 
 
Figure 2.1. Schematic of Aerosol-CIMS setup for the detection of products formed 
during the reactions of methylglyoxal in aqueous solution with (NH4)2SO4 or NaCl. 
SMPS: scanning mobility particle sizer, VFT: volatilization flow tube, CI: chemical 
ionization. See text for details. 
 
Mixtures initially containing 1.62 M methylglyoxal and 3.1 M (NH4)2SO4 or 5.1 
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the desired reaction time had passed, the mixtures were diluted with Millipore water until 
the salt concentration was 0.2 M. Reaction time was generally >24 h, which was 
sufficient time for significant light absorption and surface tension depression to develop 
in the methylglyoxal/(NH4)2SO4 solutions. Reaction kinetics at short times were 
investigated as follows: a small amount of reaction mixture initially containing 1.62 M 
methylglyoxal and 3.1 M (NH4)2SO4 was diluted 2 min after mixing. Another sample of 
the same bulk reaction mixture was diluted 38 min after mixing. The mass spectra of 
these samples were measured using Aerosol-CIMS immediately after dilution.  
Two control experiments were performed, the first in which a 0.2 M (NH4)2SO4 
solution at pH = 2 and the second in which a 0.05 M methylglyoxal solution was 
atomized and analyzed using Aerosol-CIMS. Additional control experiments to test the 
performance of Aerosol-CIMS in the high mass detection mode were performed using a 
solution of 0.2 M NaCl and 3.9 mM poly(ethylene glycol) (PEG) (Sigma Aldrich, 570-
630 amu) in Millipore water. The instrument was calibrated using aerosol-phase succinic 
acid (C4H6O4). Aerosols were generated by atomizing a solution of 0.001 M succinic acid 
in Millipore water. Since the liquid water content of the aerosol particles was not known, 
we assume that the aerosol mass measured by the SMPS was comprised of 100% succinic 
acid and report the calculated sensitivity and detection limit values as lower and upper 
limits, respectively. The instrument sensitivity to aerosol-phase succinic acid was 
measured using the I
-
 detection scheme to be 100 Hz ppt
-1
 with a detection limit of ≤ 
0.01 g m
-3
. Using the H3O
+.
(H2O)n scheme, the sensitivity to succinic acid was  66 Hz 
ppt
-1








The dilute solutions were aerosolized with N2 using a constant output atomizer 
(TSI 3076), forming submicron particles. The aerosol stream was combined with a dry N2 
dilution flow, resulting in a relative humidity of 50-60% as measured with a hygrometer 
(Vaisala). The particle population was characterized using a scanning mobility particle 
sizer (SMPS) (Grimm Technologies, TSI). The aerosol had a lognormal size distribution 
with a typical geometric standard deviation of 1.8 and a mean volume-weighted particle 




. The aerosol 
stream passed through a 23 cm-long, 1.25 cm ID PTFE tube wrapped in heating tape in 
order to volatilize the organics before entering the chemical ionization region of the mass 
spectrometer. The external temperature of the inlet was maintained at 135 °C using a 
thermocouple and temperature controller (Staco Energy). No increase in signal was 
observed when the inlet temperature was increased to 160 °C. Some experiments were 
performed with no inlet heating in order to test for species which were volatile at room 
temperature.  
Flow through the aerosol inlet into the chemical ionization region was maintained 
at 3 SLPM using a critical orifice. The chemical ionization (CI) region consists of a 3.5 
cm ID stainless steel manifold which is 3.8 cm long. Pressure in the CI region is 
maintained at 45-55 Torr by a mechanical pump (Varian DS302).  For the negative ion 
detection scheme, I
-
 reagent ions were generated by flowing dilute CH3I (Alfa Aesar, 
99.5%) in 3 SLPM N2 (Tech Air, 99.999%) through a 
210
Po ionizer (NRD). The ionizer 
was mounted perpendicular to the CI region.  For detection with H3O
+.
(H2O)n, ions were 
generated by flowing a combined stream of 2 SLPM N2 bubbled through Millipore water 
and 3 SLPM dry N2 through the ionizer. Ion-neutral reaction times were 20-30 ms. For 
 




(H2O)n detection scheme, the predominant peaks in our spectra are H3O
+.
(H2O)2 
at 55 amu and H3O
+.
(H2O)3 at 73 amu. The reagent ions react with the neutral species 




(H2O)n + R → RH
+
 + (H2O)n+1           (2.2) 
or ligand switching (Blake et al., 2009) : 
H3O
+.
(H2O)n + R → H3O
+.
 R+ (H2O)n          (2.3) 
and the species are then detected as the protonated analyte molecule or its cluster with 
H2O. In the I
-
 detection scheme the analyte molecules form clusters with I
-




H2O + R  I
-.
R + H2O            (2.4) 
or they are ionized via proton abstraction: 
I
-
 + R-H  R
-
 + HI             (2.5) 
 
Ions passed from the CI region through a 0.05 cm-ID charged orifice into a collisional 
dissociation chamber (CDC) which was maintained at 5 Torr by a mechanical pump 
(Varian DS402). Ions may be accelerated through this region using a series of biased 
cylindrical lenses in order to control clustering. The CDC is separated from the MS 
prechamber (~10
-4
 Torr) by a second charged orifice plate (ID = 0.05 cm).  The 
prechamber contains an ion optics assembly (Extrel CMS) and is separated by a 0.2 cm-
ID orifice from the final chamber (~10
-7
 Torr) which houses the 19 mm quadrupole and 
detector (Extrel CMS).  The final two chambers are differentially pumped by identical 






(Varian DS302).  For regular operation the RF operating frequency for the mass 
spectrometer was 1.2 MHz; for high mass mode a 0.88 MHz RF supply was used (Extrel 
CMS).   
 
2.2.5 DFT Calculations  
Geometry optimizations and energy calculations were performed using Jaguar 6.0 
(Schrodinger, Inc.) with the ChemBio3D interface (CambridgeSoft) in order to evaluate 
the UV-Vis absorption of potential products and the energetics of reaction pathways, and 
to evaluate the interactions of proposed product molecules with I
-
 for CIMS detection. 
Density functional theory (DFT) with the B3LYP functional and the cc-pVTZ(-f) basis 
set (Kendall et al., 1992) was used to predict the HOMO-LUMO energy difference (and 
thus UV-Vis absorption wavelengths) of proposed products.  For purposes of comparison 
with Krizner et al. (Krizner et al., 2009) some additional calculations were performed 
with the 6-311G** basis set and Poisson-Boltzmann solvation (water solvent,  = 80.37, 
probe radius = 1.40 Å). The Gibbs free energy of solvated species was calculated using 
half the gas phase entropy following Krizner et al. (2009).  
For the CIMS ion-molecule reaction calculations, Density functional theory was 
used with the B3LYP functional and the ERMLER2 basis set, which allows the treatment 
of iodine via the use of effective core potentials. (Lajohn et al., 1987) The free energy 
change for the ligand-switching reaction or proton abstraction was calculated. For the 
ligand switching reactions several geometries for the cluster of the analyte molecule with 
I
-
 were tested for each species, and in some cases several stable cluster geometries (local 
minima) were found. In each case, G for the lowest-energy cluster geometry (global 
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minimum) is reported. The free energy values reported here are from the output of the 
298.15 K vibrational frequency calculation and no further corrections were applied.  
 
2.3 Results and Discussion 
Solutions containing 0.16 M methylglyoxal and (NH4)2SO4 became visibly 
colored immediately after mixing and became progressively darker in color with time. 
The color varied noticeably with initial methylglyoxal concentration; solutions with 
higher initial concentrations of methylglyoxal were darker in color. 
 
2.3.1 UV-Vis Absorption 
The products formed by methylglyoxal in aqueous solutions containing 
(NH4)2SO4 or NH4NO3 absorb light at UV and visible wavelengths (ref. Figures 2.2-2.3).  
 
2.3.1.1 Experimental Results 
Aqueous methylglyoxal solutions with no salt have a broad absorbance peak at 
290 nm at ambient temperatures. (Nemet et al., 2004) A kinetics study of 16.2 mM 
methylglyoxal in 3.1 M (NH4)2SO4 (aq) (Figure 2.2a) shows that after a delay of ~1 hr, 
peaks grow in at 213 nm and 282 nm with roughly exponential time dependence. The 
measured absorbance of a solution of 1.62 M aqueous methylglyoxal and 3.1 M 
(NH4)2SO4 initially increases upon mixing across all wavelengths (Figure 2.2b). This 
initial increase in baseline absorption could indicate either formation of at least one light-






transient change in the bulk properties (e.g. refractive index, density) of the solutions. 
After 1 h, the absorption spectrum is saturated for  ≤ 360 nm, and the baseline at high 
wavelengths returns to < 0.5 AU. With increasing time, the saturated region of the 
spectrum extends to longer wavelengths and the tail shows increasing absorption at high 
wavelengths ( > 500). Significant absorption at 550 nm is exhibited at < 1h and after 12 
h, with absorption at up to 700 nm developing within 2-3 days.  
 
 
Figure 2.2. UV-Vis spectra of aqueous solutions containing 3.1M (NH4)2SO4 and a) 16.2 
mM methylglyoxal and b) 1.62 M methylglyoxal as a function of time after mixing. 
Absorbance is shown as a function of wavelength in the upper panels, and absorbance at 
selected wavelengths is shown in the lower panels. Error bars reflect uncertainty in the 
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The effect of initial methylglyoxal concentration on the UV-Vis spectra of 
solutions containing 3.1 M (NH4)2SO4 24 h after mixing is shown in Figure 2.3a. The 
absorbance at 282 nm after 3.0 h is linearly dependent on the initial methylglyoxal 
concentration. The effect of pH on the production of light-absorbing products in solutions 
initially containing 1.62 mM methylglyoxal and 3.1 M (NH4)2SO4 is shown in Figure 
2.3b. The absorbance at 282 nm of solutions initially containing 16.2 mM methylglyoxal 
24 h after mixing is linearly dependent on the initial (NH4)2SO4 concentration, as shown 
in Figure 2.3c.  
Control samples containing 1.62 M methylglyoxal and 5.1 M NaCl or 1.18 M 
Na2SO4 exhibited UV-Vis spectra similar to aqueous methylglyoxal in the absence of salt 
after 24 h. A sample initially containing 1.62 M methylglyoxal and 3.1 M (NH4)2SO4 was 
protected from light until analysis by covering the reaction vessel with aluminum foil, 
and the resulting spectrum at 24 h was identical to that of an unprotected solution with 
the same composition. This indicates that the reactions leading to light-absorbing 








Figure 2.3. Absorbance at 282 nm of aqueous solutions containing a) 3.1 M (NH4)2SO4 
and varying initial concentrations of methylglyoxal, pH = 2.0(0.1), 3.0 hr after mixing. 
B) 3.1 M (NH4)2SO4, 1.62 mM methylglyoxal, and varying pH 24 hr after mixing, and c) 
16.2 mM methylglyoxal and varying initial concentrations of (NH4)2SO4, 24 hr after 
mixing. Error bars reflect uncertainty in the measured absorbances based on variation 
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2.3.1.2 DFT Calculations 
The results of our B3LYP/cc-pVTZ(-f) calculations of the HOMO-LUMO energy 
difference (and thus UV-Vis absorption wavelengths) of several proposed products are 
listed in Table 2.1. When molecules absorb light, their electrons may be promoted from 
the HOMO (highest occupied molecular orbital) to the LUMO (lowest unoccupied 
molecular orbital). The energy difference between these levels corresponds to the 
wavelength of absorption according to E = hc/ where E is the HOMO-LUMO energy 
difference, h is Planck’s constant, c is the speed of light in vacuum, and  is the 
wavelength. 
 
Table 2.1. Proposed reaction products. Predictions for the energy of the gas phase 
HOMO-LUMO transition and the wavelength of UV-Vis absorption from DFT 
B3LYP/cc-pvtz(-f) simulations are shown. References are indicated by: 1) Nemet et al., 














































3 3.872 320.2 
i) 
 
3 3.661 338.7 
 
Our calculations were made for gas-phase molecules. Meller et al. (1991) reported 
that gas-phase methylglyoxal has an absorption peak at 280 nm. (Meller et al., 1991) Our 
B3LYP/cc-pVTZ(-f) calculations predict that gas-phase, unhydrated methylglyoxal has 
an absorption peak at 291.1 nm.  Therefore we estimate that our predictions for these 
molecules in the absence of solvent effects are accurate to within ~12 nm. Further 
deviation between the theoretical results and experiment may result from solvent effects. 
The n to * excitation band characteristic of carbonyl compounds appears at ~290 nm 
and is known to shift toward lower wavelengths (blue shift) for a molecule in aqueous 
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solvent compared to the gas phase. (Skoog et al., 1997) For acetone this shift is 
approximately 12 nm, and for crotonaldehyde the shift is ~30 nm.  (Bayliss and McRae, 
1954) Therefore, we can estimate an error range of (-12 nm, +42 nm) for the predicted 
absorbances. Note that aqueous methylglyoxal solutions will contain a mixture of mono- 
and di-hydrated methylglyoxal, aldol condensation products, and hemiacetal oligomers 
(Krizner et al., 2009), so it is less straightforward to map the observed spectrum of 
aqueous methylglyoxal to the gas-phase absorbance of a single molecule for purposes of 
this discussion. 
Referring to Scheme 2.1, Krizner et al. (2009) showed that aldol pathway (2) is 
thermodynamically favorable for aqueous methylglyoxal (they did not study pathway 
(1)). Our B3LYP/6-311G** calculations with Poisson-Boltzmann solvation show that G 
= 10.5 kcal mol
-1
 for the formation of the pathway (1) enol from singly hydrated 
methylglyoxal, close to Krizner et al.‘s value of 11.9 kcal mol
-1
 for the formation of the 
pathway (2) enol, suggesting that both enol species should be present in small quantities 
at equilibrium. Aldol addition via pathway (1) is likely to terminate after dimer or trimer 
formation due to the formation of organic acid or ketone end groups (e.g. species (c)-(g), 
Table 1). It is not energetically favorable for aldol addition at ketone end groups to 
continue via pathway 1 due to steric hindrance from the methyl group. Instead, these 
ketones may form an enol and follow pathway (2) for continuing aldol addition.  
Additionally, because of the methyl group, many of the products of aldol addition via 
pathway (1) cannot proceed with dehydration (e.g. species (g), Table 2.1). Pathway (2) 
results in carbonyl termination (e.g. species (h) and (i), Table 1) and therefore aldol 






Referring to Figure 2.2 (a), based on our B3LYP/cc-pvtz(-f) predictions, the 
species absorbing at 213 nm could correspond to an aldol addition product such as 
species (f) or (g) in Table 2.1. Acetals such as species (b) in Table 2.1 may also absorb at 
this wavelength. As described above, we estimate the error range of our theoretically 
predicted absorbances compared to the observed aqueous-phase spectra to be roughly (-
12 nm, +42 nm). Therefore the absorbance band at 286 nm could correspond to a species 
predicted to absorb within the range 274 nm <  < 328 nm. Species which lie within this 
range include the pathway (2) aldol addition product species (h), which is predicted to 
absorb at 320 nm. Given the approximate nature of these lower and upper bounds, 
another candidate species could be species (c) which is predicted to absorb at 271.1 nm. 
Species (c) is the aldol condensation product corresponding to the aldol addition product 
(f). C=N bonds could also contribute to the observed absorbance. 
 
2.3.2 Surface Tension 
Solutions containing 3.1 M (NH4)2SO4 and varying initial concentrations of 
methylglyoxal exhibit significant surface tension depression compared to 3.1 M 
(NH4)2SO4 solutions without organics (ref. Figure 2.4). 
 




Figure 2.4. Results of pendant drop tensiometry measurements of aqueous mixtures as a 
function of initial methylglyoxal concentration for aqueous solution, 3.1 M (NH4)2SO4 
(aq), and 5.1 M NaCl (aq). The ratio of measured surface tension to the measured surface 
tension of Millipore water is shown. The measurements were made  24 h after mixing. 
Each point reflects the weighted average of five to eight measurements, and the error bars 
represent the standard deviation in the raw data. The best fit curve to each data set based 
on equation (2.6) is also shown.  
 
 The surface tension depression follows a Langmuir-like dependence on initial 
methylglyoxal concentration, with a minimum (saturation) surface tension, min, of 41 
(±2) dynes cm
-1 






























where  is the surface tension, 0 is the surface tension of the solution with no 
methylglyoxal, M0 is the initial methylglyoxal concentration, and S and b are fit 
parameters. Values of 0 for (NH4)2SO4 (aq) and NaCl (aq) were taken from the 
International Critical Tables (2003). (Washburn) The physical interpretation of S is the 
surface tension depression when the surface is saturated, such that min = 0-S, and b is an 
equilibrium coefficient that describes surface-bulk partitioning. A time series was 
performed on a solution initially containing 1.62 M methylglyoxal and 3.1 M (NH4)2SO4. 
The measured surface tension fluctuated for 2.5 hours before stabilizing at 45(±1) dynes 
cm
-1
, then slowly decreased over the next 21.5 h to the minimum value (41(±2) dynes cm
-
1
). Control experiments were performed in order to evaluate the role of (NH4)2SO4. For 
aqueous methylglyoxal solutions with no salts present  min = 52(±3) dynes cm
-1
. 
Therefore, while hydrated methylglyoxal and/or the oligomers it forms in aqueous 
solution are surface-active, the overall surface-tension lowering effect is less than when 
(NH4)2SO4 is present in solution. Solutions containing 5.1 M NaCl and varying amounts 
of methylglyoxal follow a trend similar to that of the (NH4)2SO4 solutions, with min = 43 
(±2) dynes cm
-1
 (Figure 2.4).  
Surface tension depression for methylglyoxal solutions containing 5.1 M NaCl or 
3.1 M (NH4)2SO4 is greater than that observed for aqueous methylglyoxal in the absence 
of salts. The observed enhancement in surface tension depression is likely to be a 
physical effect of the salts rather than an effect of especially surface-active products 
formed by a chemical reaction of methylglyoxal with the salts. High salt concentrations 
can result in a decreased critical micelle concentration due to charge screening, and thus 
cause enhanced film formation. (Li et al., 1998; Matijevic and Pethica, 1958) Salts can 
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also decrease the solubility of organics, commonly referred to as “salting out” 
(Setschenow, 1889), possibly resulting in surface film formation. Salts have commonly 
been observed to enhance the surface tension lowering effects of HULIS and organic 
diacids. (Asa-Awuku et al., 2008; Kiss et al., 2005; Shulman et al., 1996) 
Glyoxal was previously observed not to be surface-active in hydrated form or to 
form surface-active products in aqueous (NH4)2SO4 solutions. (Shapiro et al., 2009) 
Compared with glyoxal, the methyl group adds hydrophobicity to methylglyoxal and its 
oligomer products, increasing their surface activity.  
 
2.3.3 Aerosol-CIMS 
Representative Aerosol-CIMS mass spectra for the aqueous methylglyoxal, 





the reagent ion are shown in Figures 2.5-2.8. The spectra represented in these figures 
have mass resolution of 1 amu except as noted; peak assignments were made using 0.5 
amu resolution spectra. 
 
2.3.3.1 Negative Ion Detection with I
-
 
A summary of proposed peak assignments for the mass spectra in Figure 2.5 using 
I
-







Figure 2.5. Negative-ion mass spectrum of aerosolized aqueous solutions initially 
containing methylglyoxal alone (grey) or with NaCl (blue) or (NH4)2SO4 (red) (see text 
for details). Select product species were detected using I
- 
as the reagent ion. Peaks 
associated with I
-
 and its cluster with H2O as well as the mass-to-charge ratios of product 
peaks are labeled.  
 
Significant signal in the aqueous methylglyoxal control spectrum is observed at 
173.0, 190.1, 217.3, and 273.5 amu. Most of the peaks in the methylglyoxal/(NH4)2SO4  
mass spectrum are also found in the methylglyoxal/NaCl spectrum. Increased signal 
appears at 271.5, 273.5, and 289.5 amu in the methylglyoxal/(NH4)2SO4 spectrum. Peaks 
unique to methylglyoxal/(NH4)2SO4 include 225.2 and 275.6 amu. The peak at 217.3 amu 
is consistent with the cluster of I
-
 with singly hydrated methylglyoxal. The presence of 
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Table 2.2. Proposed peak assignments for Aerosol-CIMS mass spectra with I
-
 as the 

















271.5 I-.C6H8O4 C6H8O4 
 
273.5 I-.C6H10O4 C6H10O4 
 
275.6 I-.C6H12O4 C6H12O4 
  







2.3.3.1.1 DFT Calculations   
I
-
 has previously been used as a reagent ion with Aerosol-CIMS to detect organic 
acids in aerosols. (McNeill et al., 2007; McNeill et al., 2008) Since the product species 
expected to be present in this reactive system (methylglyoxal, acetal/hemiacetal 
oligomers, aldol condensation oligomers) have not been previously detected via the I
-
 
ionization scheme, we performed ab initio calculations in order to characterize the 
interaction of proposed product species with I
-
. The results are summarized in Table 2.3. 
 
Table 2.3. Proposed reaction products. Predictions for the free energy change of the 
ligand switching reaction with I
-.
H2O to form a cluster with I
-
 based on DFT 















R + H2O 
a) 
 
C3H4O2 72.1 -3.14 
b) 
 
C3H6O3 90.1 -44.1 
c) 
 
C6H6O3  126.1 -16.1 
d) 
 
C6H8O4  144.1 -34.3 
 




C6H8O4 144.1 -1.07 
f) 
 
C6H8O4 144.1 -49.2 
g) 
 
C6H10O2N2 141.2 -7.77 
h) 
 
C6H10O5 162.1 -65.2 
i) 
 
C6H10O5 162.1 -65.7 
j) 
 








 Our calculations show that the formation of clusters between I
- 
and several of the 
acetal and hemiacetal species proposed by Zhao et al. (2006) via ligand switching with I
-
.
H2O is thermodynamically favorable, particularly when two or more hydroxyl moieties 
are available to interact with I
- 
simultaneously. This is also the case for hydrated 
methylglyoxal species. Non-hydrated methylglyoxal is not predicted to form strong 
clusters with or be ionized by I
-
, and therefore we do not expect to detect it using this 






2.3), if present, should be detected as their clusters with I
-
. The only aldol condensation 
products which we predict to form strong clusters with I
- 
are those species which 
terminate in a carboxylic acid group (e.g. species (f) from Table 2.3). We do not expect to 
observe products of aldol pathway 2 (ref. Scheme 2.1) such as species (c) from Table 2.3 
with this ionization scheme.  
 
2.3.3.1.2 Volatile Species  
The peaks at 173.0, 190.1, and 217.3 amu were present in the same magnitude 
whether the volatilization inlet heat was turned on or off, indicating that these signals are 
associated with volatile species. The signal observed at 173.0 amu is consistent with 
formic acid (I
-.
HCOOH). Gas-phase formic acid has been previously observed to be an 
oxidation product of organic acids in aerosols; it was detected at this mass using Aerosol-
CIMS with the same ionization scheme used here. (McNeill et al., 2008) The signal we 
observe at 190.1 amu is consistent with a molecular formula of I
-.
CH5O2N, but it is more 
likely due to the water cluster of the formic acid peak.  
 
2.3.3.1.3 (Hemi)acetals and Aldol Condensation Products  
The peak at 271.5 amu is attributed to the molecular formula I
-.
C6H8O4, which 
could correspond to the pathway 1 aldol condensation dimers or pathway 2 aldol addition 
products (ref. Scheme 2.1 and Table 2.2). 289.5 amu is consistent with I
-.
C6H10O5, and 
therefore can be matched to acetal and hemiacetal dimers proposed by others (Loeffler et 
al., 2006; Nemet et al., 2004; Zhao et al., 2006) or pathway 1 aldol addition products. 
Small amounts of signal at both of these masses are present in the methylglyoxal/NaCl 
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spectrum, and temperature control experiments indicate that these species are 
semivolatile.  
Since succinic acid, an organic diacid, is expected to cluster strongly with I
-
 we 
may assume that the instrument sensitivity to succinic acid (100 Hz ppt
-1
) is an upper 
limit for the sensitivity to these species. Using this assumption, we estimate lower bounds 









, respectively.  





C6H12O4 respectively. These molecular formulas, since they each contain six 
carbons, are consistent with the addition of two methylglyoxal monomers. Possible 
structures are shown in Table 2.2, but the formation mechanisms of these species in the 
methylglyoxal/(NH4)2SO4 system are not known.  
 
2.3.3.1.4 Sulfur-Containing Species  
The peak at 225.2 amu features a satellite peak at 227.2 amu with an abundance 












Figure 2.6. Detail of a 0.5 amu-resolution negative ion mass spectrum of aerosolized 
methylglyoxal/(NH4)2SO4 solution. A peak at 225.2 amu and a satellite peak at 227.2 
amu are shown. 
 
Either a molecule with a molecular weight of 226.2 amu (in the case of proton 
abstraction) or 98.3 amu (in the case of a cluster with I
-
) would be consistent with the 
225.2 amu mass-to-charge ratio. The species with m/z 225.2 was observed to be 
nonvolatile at room temperature. One possible molecular formula for this species is 
C6H9O7S
-
. The proposed structure for the C6H9O7S
- 
organosulfate species is shown in 
Table 2.1. Our DFT calculations predict that proton abstraction from the sulfate group by 
I
-
, rather than clustering via the ligand-switching reaction, is thermodynamically 
favorable for this species. Kinetics studies show that the signal at 225.2 amu develops 
within approximately 30 min of mixing. Assuming an upper limit sensitivity of 100 Hz 
ppt
-1





H2SO4 may cluster with I
-
 or undergo proton abstraction. I
-.
H2SO4, if present, 
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for this possibility a control experiment was performed in which a 0.2 M (NH4)2SO4 
solution at pH = 2 (similar to the conditions of the solutions with methylglyoxal) was 
atomized and analyzed using Aerosol-CIMS. There was no peak at 225.2 amu in the 
spectrum of the control, suggesting that the observed peak in the 
methylglyoxal/(NH)2SO4 spectrum cannot be attributed to inorganic sulfate or sulfuric 
acid. Hearn and Smith (2006b) previously used Aerosol-CIMS with SF6
-
 as the parent ion 
and a volatilization temperature of 220°C to detect aerosol sulfate (as HSO4
-
, 97 amu). 
(Hearn and Smith, 2006a) We observed a small (~300 cps) peak at 97 amu in the 
methylglyoxal/(NH4)2SO4 spectra but not in the control experiment. We note that 
organosulfates have previously been observed to decompose during negative ion mass 
spectrometry to generate HSO4
-
. (Attygalle et al., 2001) 
 





(H2O)n is commonly used to detect VOCs, including methylglyoxal (Blake 
et al., 2009; Zhao et al., 2006) and has been used to detect volatilized aerosol organics 
including levoglucosan from tobacco and wood smoke, limonene SOA (Hearn and Smith, 
2004a) and pyridine (Thornberry et al., 2009). Table 2.4 lists the proposed peak 
assignments for the spectra in Figure 2.7 which were obtained using H3O
+
(H2O)n as the 







Figure 2.7. Positive ion mass spectrum of aerosolized aqueous solutions initially 
containing methylglyoxal alone (grey) or with NaCl (blue) or (NH4)2SO4 (red). 
H3O
+.
(H2O)n was the chemical ionization reagent. The mass-to-charge ratios of select 
product peaks are labeled.  
 
Table 2.4. Proposed peak assignments for Aerosol-CIMS mass spectra with H3O
+.
(H2O)n 
as the reagent ion. See text for details.  
m/z (amu) 




























































More peaks appear in these spectra than in those obtained using I
- 
as a reagent ion 
because proton transfer via H3O
+
(H2O)n is favorable for a wider variety of organics than 
ligand switching or proton abstraction via I
-
 is. The aqueous methylglyoxal control 
spectrum features peaks at 94.9 amu and 112.9 amu. Signal at 94.9, 98.8, 125.9, 143.8, 
and 163.0 is significantly higher in the methylglyoxal/(NH4)2SO4 spectrum as compared 
to methylglyoxal/NaCl or aqueous methylglyoxal. Other notable peaks include 165.0, 
167.1, 181.2, and 235.3 amu. The peaks at m/z  167.1 amu (except for 98.8 amu) were 
present in the mass spectrum when the volatilization inlet was not heated, indicating that 
these signals are associated with volatile or semivolatile species.  
Methylglyoxal has been detected previously using proton transfer mass 
spectrometry. (Zhao et al., 2006) In our experiment, the expected m/z for methylglyoxal 
coincided with that of one of the parent ions, H3O
+.
(H2O)3, at 73.1 amu. Water clusters of 





(H2O)5 at 91.1 and 109.0 amu, respectively. A small signal is observed at 109.0 
amu. 
The peak at 94.9 amu is consistent with a molecular formula of C2H7O4
+
. This is 
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2.3.3.2.1 (Hemi)acetals and Aldol Condensation Products  
The peak at 125.9 amu is consistent with the molecular formula C6H8O2N
+
, 
corresponding to a type 2 aldol condensation product with a single imine substitution. 
The peak at 143.8 amu is consistent with a water cluster or aldol addition precursor of 
that species, or else a type 1 aldol condensation product with one amine or imine 
substitution. No peaks corresponding to these products were observed using the I
-
 
detection scheme.  As stated previously, our ab initio calculations showed that products 
of aldol pathway 2 would not likely be detected using I
-
. Small amounts of signal at 125.9 
amu and 143.8 amu are observed in the methylglyoxal/NaCl spectrum; since N-
substitution would not be possible in the methylglyoxal/NaCl system, we will therefore 
consider this identification of C-N species to be tentative. 
The peak at 163.0 amu corresponds to C6H11O5
+
; the species which appear at 
289.5 amu in the I
-
 spectrum should appear at this mass. Alternatively, it could be the 
water cluster of C6H9O4
+
, the type 1 aldol condensation or type 2 aldol addition products 




Acetal and hemiacetal species also 
appear at 181.2 and 235.3 amu (see Table 2.4).   









. These molecular formulas 
are consistent with methylglyoxal dimers but the structure and formation mechanism are 









2.3.3.2.2 Sulfur-Containing Products  
No peak at 227 amu, which would correspond to C6H11O7S
+
, was observed in the 
methylglyoxal/(NH4)2SO4 spectrum as detected using H3O
+
(H2O)n. To our knowledge 
organosulfates have not been previously detected using proton transfer ionization.  
A peak was observed at 98.8 amu, but no satellite peak was present at 100.8 amu. 
The signal did not appear in the methylglyoxal/NaCl spectrum. Control experiments 
confirmed that no peak appeared at 98.8 amu when acidified (NH4)2SO4 without 
methylglyoxal was present in the atomizer solution. Proton transfer ionization is not 
expected to allow detection of inorganic sulfate or sulfuric acid at this mass. Molecular 









2.3.3.2.3 High-Molecular-Weight Species  
In order to test our ability to detect high-molecular-weight organics with the 
Aerosol-CIMS technique, we analyzed aerosols containing NaCl and PEG  (570-630 
amu) in high-mass mode. We observed two sets of peaks separated by 44(±1) amu (one 
ethylene oxide unit): (475.8, 518.9, 563.7, 607.4, and 651.5) and (502.4, 546.6, 590.9, 
635.1). This is consistent with the observations of Bogan et al. (2007). (Bogan et al., 
2007) 
For methylglyoxal/(NH4)2SO4 we observed peaks from 536.6-759.5 amu in high-
mass mode using H3O
+
(H2O)n as the reagent ion (see Figure 2.8). 
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Figure 2.8. Detail of a positive ion mass spectrum of an aerosolized 
methylglyoxal/(NH4)2SO4 solution. Spectrum was taken in high-mass mode with 
H3O
+.
(H2O)n as the reagent ion. 
 
 The peaks were separated by 74 amu, which could correspond to a unit of 
C3H6O2. We did not observe non-background signal for m/z > 300 amu when using I
- 
as 
the reagent ion. We previously observed that glyoxal forms oligomers of 500-600 amu in 
aqueous solution when ammonium sulfate is present. (Shapiro et al., 2009) Kalberer et al. 
(2004) observed oligomers up to ~750 amu for aqueous methylglyoxal using LDI-MS. 
 
2.3.3.3 Role of NaCl from Aerosol-CIMS Data 
Hemiacetal species have been observed by others to be present in aqueous 
methylglyoxal solutions in the absence of salts. (Nemet et al., 2004) Aldol condensation 
was also predicted to be favorable in aqueous methylglyoxal solutions by Barsanti and 
Pankow (2005) and Krizner et al. (2009).  Therefore, the observation of several common 
























methylglyoxal/(NH4)2SO4 is to be expected. Comparison of the aqueous methylglyoxal 
control and methylglyoxal/NaCl spectra suggests that NaCl may enhance the formation 
of hemiacetal species, which are not light-absorbing. 
 
2.3.4 Mechanism 
The evidence from our UV-Vis and Aerosol-CIMS studies together with our ab 
initio calculations points to aldol condensation as the mechanism for formation of light-
absorbing products in this system.  We observed mass spectra consistent with aldol 
addition and aldol condensation products, and these species were shown via our ab initio 
calculations to be consistent with the observed UV-Vis absorption spectra. The 
calculations of Barsanti and Pankow (2005) and Krizner et al. (2009) suggested that aldol 
condensation should be favorable for methylglyoxal in aerosols, and it has long been 
known that methylglyoxal undergoes aldol condensation in the presence of amino acids 
to form brown products. (Enders and Sigurdsson, 1943) 
The results of our UV-Vis studies indicate that the formation of light-absorbing 




. Our Aerosol-CIMS data also 
provides supporting evidence that the presence of NH4
+
 increases the formation of aldol 
addition and condensation products. H3O
+
 is a well-known catalyst for aldol 
condensation. (Casale et al., 2007; Jang et al., 2002; Nozière and Esteve, 2007) Nozière 
and coworkers have recently shown that NH4
+
 is a catalyst for aldol condensation of 





 in the aldol condensation mechanism is the initial step when the 
carbonyl is protonated before attack by the enol.  A protonated carbonyl can also lead to a 
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number of subsequent reactions besides aldol condensation, including hemiacetal 
formation or amine substitution. (Nozière et al., 2009b) Two recent studies report the 
formation of C-N compounds by glyoxal when NH4
+
 is present in the aqueous phase 
under acidic conditions (Galloway et al., 2009; Nozière et al., 2009b), and both propose 
mechanisms involving ammonia and iminium intermediates. The low pH in this study 
will result in low equilibrium NH3 concentrations. However, the protonation of a 
carbonyl by NH4
+
 as proposed here and by Nozière et al. (2009b) would result in the 
generation of a short-lived NH3 molecule proximal to the reaction site. Nozière et al. 
(2009b) reported that the iminium pathway was active for glyoxal in ammonium-
containing solutions down to pH 4.8 (the lowest pH studied). 
  
2.3.5 Kinetics  
The data in Figure 2.3 demonstrate a linear dependence for the absorbance at 282 
nm on initial methylglyoxal concentration and initial ammonium sulfate concentration, 
respectively, when pH = 2. This is consistent with the protonation of methylglyoxal by 
ammonium being the rate-limiting step in the formation of light-absorbing dimers. The 
inverse dependence of product formation on pH is consistent with acid-catalyzed aldol 
condensation occurring in parallel with the ammonium-facilitated process.  The following 
model can be used to describe this system: 










































           (2.9)
 
 
Here, MG represents methylglyoxal and P represents light-absorbing products. 
This model can be used to describe the kinetic data in Figure 2.2 or the concentration-
dependent
 






 if the molar absorptivity of the absorbing species are known. Referring to the 
UV-Vis absorption data in Figure 2.3(b), and assuming that the species responsible for 
the observed absorption at 282 nm are dimers of methylglyoxal and therefore their 
maximum concentration in the solution is half the initial concentration of methylglyoxal, 





. We used POLYMATH 6.10 to numerically integrate eqs (2.7)-(2.9).  We 


























) if we assume pseudo-first-order conditions and perform a 





        (2.10) 
Based on our Aerosol-CIMS/I
-
 data we estimated a lower bound for the 
production rate of the aldol addition and condensation products detected at 271.5 amu 




. If protonation of the methylglyoxal monomer is the 
rate-limiting step for formation of these products eq. (2.7) should apply. Aerosol particles 
will become concentrated relative to the atomizer solution as the 100% RH atomizer 
output equilibrates to 60% RH. Following Tang and Munkelwitz (1994), an ammonium 
sulfate concentration of ~65 wt%, or 14 M, will be reached at 60% RH. Assuming the 
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same proportional increase in concentration for methylglyoxal and H3O
+ 





]0 = 0.045 M.  Applying eq. (2.7) and the bimolecular rate constants we 

























][MG] by a 


















. Coupling this with the upper bound obtained using the UV-Vis 










2.4 Conclusions and Atmospheric Implications 
The results of this study show that the ammonium ion plays an active role in the 
chemistry of methylglyoxal in aqueous aerosol mimics. This chemistry represents a new 
potential pathway for heterogeneous SOA formation.  
We have made tentative identifications of an organosulfate product and C-N 
containing species using Aerosol-CIMS. To our knowledge, organosulfate formation by 
methylglyoxal in ammonium sulfate aerosols has not been observed previously, although 
Liggio et al. (2005 a,b) and Galloway et al. (2009) identified organosulfate products in 
ammonium sulfate aerosols exposed to gas-phase glyoxal. Organosulfates have been 
identified in ambient aerosol. (Gao et al., 2006; Gómez-González et al., 2008; Iinuma et 
al., 2007; Lukács et al., 2009; Russell et al., 2009; Surratt et al., 2008; Surratt et al., 2007) 
Lukács et al. (2009) observed that organosulfate mass concentrations were at a maximum 
for submicron aerosol size fractions, suggesting a link between organosulfate formation 






could contribute to the nitrogen-containing aerosol organics which have been observed in 
ambient aerosol. (Aiken et al., 2008; Denkenberger et al., 2007; Lin et al., 2010; 
Gilardoni et al., 2009) 
To our knowledge, the concentrations of the methylglyoxal reaction products we 
have proposed here have not been measured in atmospheric aerosol samples. Kawamura 
and coworkers have measured methylglyoxal monomer and related compounds (glyoxal, 
ketocarboxylic acids, and dicarboxylic acids) in ambient aerosols. (Ho et al., 2007; 
Kawamura et al., 1996; Kawamura and Yasui, 2005; Kundu et al., 2010; Sempére and 
Kawamura, 1994) Methylglyoxal was found to comprise roughly 0.005-0.05% of aerosol 
mass in urban environments. (Ho et al., 2007; Kawamura and Yasui, 2005) Assuming a 
particle density of 1 g cm
-3
 this corresponds to an in-particle methylglyoxal concentration 
range of 0.7 mM to 7 mM.  
A typical ammonium sulfate concentration in an aqueous atmospheric aerosol 
particle at 60% RH is ~ 65 wt% (Tang and Munkelwitz, 1994), or 14 M, with 0  pH  5 
(Keene et al., 2004; Zhang et al., 2007b), resulting in pseudo-first-order rate coefficients 
of kA
I 














for the loss the of methylglyoxal 




, respectively. Given an aerosol-phase 









 (at pH = 0). Based on our reaction model this 
corresponds to 0.7 to 6 mM of light-absorbing products formed after 12 hours (up to 86% 
conversion of methylglyoxal to products).  
What we have observed for the methylglyoxal/(NH4)2SO4 system is another 
example of aerosol-phase chemistry which may increase the absorption index of 
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atmospheric aerosols with increasing aerosol age. These results add to the growing body 
of evidence that SOA formation and aging may be a source of “brown carbon” in 
atmospheric aerosols. Brown carbon, including the products observed here, does not 
absorb as strongly as black carbon at high wavelengths (~550 nm and higher) and 
therefore its contribution to aerosol absorption in this range may be minor in comparison. 
(Andreae and Gelencsér, 2006) However, the absorption of UV radiation by brown 
carbon has the potential to reduce tropospheric O3 levels. (Jacobson, 1999, 2002) Based 




 and our estimated 
production rate of 0.7 to 6 mM light-absorbing products formed after 12 hours, we 
estimate that the contribution to the dimensionless absorption coefficient at 282 nm from 
methylglyoxal reaction products is A282, MG = 282/4 ~ 10
-5
. On a per-mole basis, the 
light-absorbing products observed here are stronger absorbers in the range 250-400 nm 
than pyruvic or oxalic acids (Lund Myhre and Nielsen, 2004) or the light-absorbing 
products of glyoxal in aqueous ammonium sulfate solutions observed by Shapiro et al. 
(2009).   
Our observation of surface tension depression is consistent with observations of 
surface tension depression by HULIS in ambient aerosol samples. (Asa-Awuku et al., 
2008; Kiss et al., 2005; Salma et al., 2006; Taraniuk et al., 2007) Referring to Figure 2.4, 
based on our estimated in-particle methylglyoxal concentration of 7 mM, and assuming 
that the particles are primarily composed of ammonium sulfate, this corresponds to 
surface tension depression of approximately 8% due to methylglyoxal in urban particles. 
We note that, since methylglyoxal will react in the particle to form potentially surface-






depression associated with methylglyoxal uptake to the particle. Decreased aerosol 
surface tension may affect the cloud nucleation ability of the aerosol. The ability of an 
aerosol particle to activate at a given supersaturation condition depends on the amount of 
solute present in the particle (i.e. its dry diameter) and the surface tension of the droplet at 
the point of activation. The Kohler curve that describes this process is given by (Köhler, 
1936; Seinfeld and Pandis, 1998):  
 










   
    
    
        
     
   
  
 
where s is the supersaturation, Dp is the diameter of the aqueous droplet, Mw is the 
molecular weight of water and w is its density, R is the gas constant, T is temperature,  
is surface tension, and ns is the number of moles of solute. Surface tension depression in 
aqueous aerosols by methylglyoxal SOA material could therefore result in increased 
CCN activation due to its effect on the parameter A. It has been suggested that this effect 
may be partially compensated for by the effect of surface-active organic solute 
partitioning from the bulk to the gas-aerosol interface, thereby reducing the bulk solute 
concentration (and the value of B). (Sorjamaa et al., 2004) However, in a heterogeneous 
SOA formation scenario the bulk solute content of the particle is expected to be 
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dominated by salt. Furthermore, in order to maintain Henry’s law equilibrium, gas-phase 
methylglyoxal will continuously be taken up at the aerosol surface as it is consumed by 
particle-phase reactions.  Therefore we assume here that the effect of methylglyoxal and 
its reaction products on equilibrium CCN activity is purely surface-tension based.  For 

















                      (2.11) 
where sc
*
 is the critical supersaturation, w and  are the surface tension of water and the 
particle, respectively, and sc is the critical supersaturation for a particle with the surface 
tension of water. (Engelhart et al., 2008b) Based on 7 mM methylglyoxal in the particle, 
we estimate /w ~ 1.01, compared to /w = 1.09 for a saturated ammonium sulfate 
solution (see Figure 2.4). Using eq. 2.11, this corresponds to a critical supersaturation 
~11% lower than that of a pure ammonium sulfate particle. CCN activation 
measurements are planned in order to confirm this effect. We note that the relevant 
surface tension is that of the droplet at the moment of activation, at which point the 
surfactant concentration will be lower than that in the aqueous aerosol at lower relative 
humidities, especially for larger particles. A film of surface-active organics coating an 
aqueous particle may also affect the kinetics of particle equilibration with the surrounding 
water vapor, thereby affecting cloud droplet growth rate and cloud droplet number. 
(Archer and La Mer, 1955; Chuang et al., 1997; Feingold and Chuang, 2002; Garland et 
al., 2005; Rosano and La Mer, 1956; Ruehl et al., 2009) 
The small size, and thus high surface area-to-volume ratio of a submicron aerosol 






total surfactant molecules present in the aerosol will partition to the interface. This will 
effectively decrease surface coverage for a given surfactant concentration and increase 
the critical micelle concentration (CMC). (McNeill et al., 2006) Based on this effect, we 
would expect the minimum surface tension in an aerosol particle to be similar to what 
was observed here, but the plateau region of the surface tension curve may not be reached 
until higher methylglyoxal concentrations. However, this effect may be balanced by the 
fact that the small size of aerosol particles also leads to supersaturated salt concentrations 
which were not accessible in this study. (Tang and Munkelwitz, 1994; Tang et al., 1997; 
Tang, 1997) The CMC lowering effect of the salt and the increased “salting-out” may 
counteract the size effect. 
Kroll et al. (2005) reported negligible particle growth when ammonium sulfate 
particles were exposed to ~960 ppb of methylglyoxal in aerosol chamber experiments on 
a timescale of several hours, and attributed this to the Henry’s law coefficient of 
methylglyoxal, which is low relative to that of glyoxal. (Betterton and Hoffmann, 1988b; 
Zhou and Mopper, 1990) Surface film formation such as is suggested by our surface 
tension measurements, even at submonolayer coverages (i.e. concentrations below the 
CMC), can also inhibit the reactive uptake of gas-phase species into the aerosol. (Anttila 
et al., 2006; Folkers et al., 2003; McNeill et al., 2006; McNeill et al., 2007; Stemmler et 
al., 2008; Thornton and Abbatt, 2005) Film formation upon uptake of methylglyoxal to 
the aerosol could result in suppressed VOC uptake (and therefore suppressed SOA 
formation and particle growth).  





as the parent ions is suitable for the detection of the products of heterogeneous SOA 
 
   
62 
formation by -dicarbonyls, and high molecular weight organics up to 759 amu. This 
technique can be extended to aerosol chamber studies and, when coupled with a suitable 


































CHAPTER 3: Oxidative aging of light-absorbing secondary organic 
aerosol material formed by methylglyoxal and glyoxal  
 
3.1 Introduction 
Water-soluble volatile organic compounds (WSVOCs) in the atmosphere may be 
absorbed by aqueous aerosol particles or cloud droplets. Once in the aqueous phase, these 
species can react to form secondary organic aerosol material (SOA). (Ervens et al., 2011; 
Lim et al., 2010) Water-soluble carbonyl compounds like glyoxal and methylglyoxal, 
which have both biogenic and anthropogenic sources, have been shown to be likely 
precursors for SOA formed via aqueous pathways. (Ervens et al., 2011; Lim et al., 2010; 
Sareen et al., 2010; Schwier et al., 2010; Shapiro et al., 2009)  
The products of glyoxal and methylglyoxal reacting in aerosol mimics containing 
ammonium salts have been shown to include light-absorbing, surface-active, and high-
molecular-weight oligomeric species. (Sareen et al., 2010; Schwier et al., 2010; Shapiro 
et al., 2009) Schwier et al. (2010) identified organic acids, hemi(acetals), aldol 
condensation products, and possible nitrogen and sulfur containing compounds as the 
products of methylglyoxal, glyoxal and ammonium sulfate aqueous solutions. (Schwier et 
al., 2010) Keutsch and coworkers have also identified the formation of imidazole species 
from the reaction of glyoxal in ammonium-containing solutions. (Galloway et al., 2009; 
Yu et al., 2011) Besides adding to organic aerosol mass in the atmosphere, these product 
species may affect aerosol optical properties and/or cloud droplet formation. (Li et al., 
2011; Sareen et al., 2010; Schwier et al., 2010; Shapiro et al., 2009) Some could also 
potentially be used as tracer species for aqueous SOA formation chemistry.  However, 
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their lifetimes in the oxidizing environment of the atmosphere, as well as the chemical 
identities and properties of their oxidation products, are largely unknown.  Most of these 
product compounds would be highly vulnerable to oxidation by the hydroxyl radical 
(OH); unsaturated species such as aldol condensation products and imidazoles may also 
be oxidized by ozone (O3). The formation of these SOA products will compete 
simultaneously with their oxidative degradation. Oxidation may result in re-volatilization 
of aerosol organic material, (Bertram et al., 2001; George et al., 2007; McNeill et al., 
2008; Molina et al., 2004) although the aqueous-phase OH oxidation of glyoxal and 
methylglyoxal has been shown to be a source of SOA via the formation of lower-
volatility organic acid products. (Ervens et al., 2011; Lee et al., 2011; Lim et al., 2010) 
Additionally, oxidation may decrease (through the breaking of C=C or C-N bonds) or 
increase (through the creation of carbonyls) light absorption by the oligomeric SOA 
products. (Nozière and Esteve, 2005; Sareen et al., 2010; Schwier et al., 2010; Shapiro et 
al., 2009)  
 In this study, we aim to quantify the products and kinetics of oxidative aging of 
secondary organic material formed via the aqueous reaction of methylglyoxal with 
ammonium sulfate. Aerosol flow tube reactors coupled to an Aerosol Chemical 
Ionization Mass Spectrometer (Aerosol-CIMS) for detection of gas and particle-phase 
organics were used for this purpose. Particles were collected on quartz windows before 
and after oxidation to characterize the effect of oxidation on the light-absorbing 










Oxidation experiments were performed using aerosol flow tube reactors coupled 
to a custom-built Aerosol-CIMS for product characterization and a scanning mobility 
particle sizer (SMPS, TSI) to monitor particle concentration. 
 
3.2.1 Aerosol Generation 
Aerosols were generated in a similar manner to that described in Sareen et al. 
(2010). Briefly, mixtures containing 1.62 M methylglyoxal (Sigma Aldrich or Acros 
Organics) or 2.21 M glyoxal (Fisher Scientific) and 3.1 M (NH4)2SO4 were prepared 
using Millipore water (18.2 M cm) and allowed to react for > 24 hours. The mixtures 
were then diluted with Millipore water to attain a salt concentration of 0.2 M. These 
dilute solutions were then aerosolized with N2 using a constant output atomizer (TSI), 
mixed with a dry N2 stream to maintain the relative humidity at 64 – 68% measured with 
a hygrometer (Vaisala), and then introduced into the reactor. Typical number 




 with mean surface area-weighted radius of 143 nm. 
The surface tension, light absorption properties, and product characterization for this 
system has been described in detail by Sareen et al. (2010). (Sareen et al., 2010) 
 
3.2.2 Gas-phase Reactants  
O3 was generated by flowing 0.2-5 sccm of oxygen with a carrier gas of 200 sccm 
N2 through a photocell containing a Hg pen-ray lamp (Jelight) operating at 185 nm. This 
produced O3 concentrations ranging from 0.2 – 0.8 ppm. The concentration of O3 
generated was monitored using a UV absorption cell, 10 cm long with ¼” inlet and outlet 
ports for O3 flow. Light from another Hg pen-ray lamp (Jelight) coated to primarily emit 
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254 nm passes through the cell and is detected by a photodiode (Hamamatsu) on the other 
end. 
OH was formed in situ in an aerosol flow cell (described in the following section) 
by reacting O(
1
D) with water, where O(
1
D) is generated from the photolysis of O3.  
O3  +  h    O(
1
D)  +  O2            (3.1) 
O(
1
D)  +  H2O    2OH            (3.2) 




, as determined 
by calibration experiments with SO2 following the procedure explained in McNeill et al. 
(2008). (McNeill et al., 2008) 
 
3.2.3 Flow Reactors 
The O3 reactor setup is shown in Figure 3.1. O3 oxidation experiments were 
performed in a similar manner as described by McNeill et al. (2007). (McNeill et al., 
2007) The humidified aerosol stream was introduced through a perpendicular sidearm 
into a 7.5 cm ID, 55 cm long Pyrex flow tube. A 1/8” Teflon tube fitted inside a
 
0.25” OD 
stainless steel moveable injector was used to introduce the O3/N2 stream into the flow 
tube. The position of the injector was changed to vary the reaction times (0 to 23 sec) and 
hence attain kinetic information. The O3 concentration in the reactor varied from 0.2 to 








Figure 3.1. Schematic for O3 setup. 
 
The photolysis and OH reaction studies occurred in a continuous flow photocell 
reactor shown in Figure 3.2. The reactor consisted of a 25 cm long, 5 cm in diameter 
quartz photocell with a 1 cm inner sleeve. An ozone-free Hg pen-ray lamp (Jelight, 254 
nm) was inserted into the inner sleeve. The reactor featured four different inlet ports 
placed at intervals of 8 cm that were used to vary the reaction times (0 to 10 sec). The 
humidified aerosol stream (RH ~ 62-67%) and the O3/N2 stream were introduced via 
separate ports to prevent the aerosols from being exposed to O3 before entering the 
reactor. In a typical experiment, the aerosol stream was introduced via a perpendicular 
port at the back of the reactor, while the position of the O3/N2 stream was varied using the 
other ports on the reactor. Control experiments were also performed in this reactor in 
order to study the effect of photolysis on these aerosols in the absence of oxidants. All 
reactions were studied here under NOx-free conditions. 
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Figure 3.2. Schematic for OH setup. 
 
 
3.2.4 Aerosol-CIMS Detection of Products  
A custom-built chemical ionization mass spectrometer (CIMS) coupled to a 
volatilization flow tube inlet (Aerosol-CIMS) was used to monitor aerosol chemical 
composition during the oxidation experiments. The instrument and its operation were 
described in detail by Sareen et al. (2010). (Sareen et al., 2010) The effluent from the 
flow tube reactors was sent through a volatilization flow tube (VFT) kept at 135 °C in 
order to vaporize the particle-phase organic material for detection using CIMS. Some 
experiments were performed without applying heat to the inlet, in order to identify 
species which were volatile at room temperature. A quadrupole mass spectrometer 
(Extrel CMS) was used to detect the organics as the products of their reactions with the 
reagent ion, I
-
 or its clusters with water (see Sareen et al. (2010) for a full discussion of 
the relevant ion chemistry). An orifice was used downstream of the VFT to control the 
flow through the reactors and into the CIMS. Total flow was maintained at 2.3 SLPM 
through the O3 reactor and 1.8 SLPM for the OH reactor. A fraction of this flow (0.3 







3.2.5 Particle Collection and UV-Vis Spectrophotometry 
The effect of oxidation on the UV-Visible light absorption of these particles was 
also studied by collecting particles before and after oxidation with 0.2 ppm O3 by 
impaction on quartz windows (25 × 2 mm, Edmund Optics) using a custom-made 
impactor. The windows were held in place using a custom-made filter holder that was 
modified so that gases can escape while particles are collected on the windows. Prior to 
collection on the quartz windows, particles from the reactor were passed through a dryer, 
and the collection period was 90 min at a rate of 1.5 LPM. (Bones et al., 2010) UV-
visible spectra of SOA material were measured immediately after particle collection. The 
impaction windows were placed in a custom-made holder that held them in position. 
Spectra were collected using a single beam spectrophotometer (HP 8453). A spectrum of 
the blank window was measured each time before particle collection and all subsequent 
spectra were baseline corrected at 1000 nm with respect to the blank window. Three trials 
were conducted for each experiment. The residence time in the O3 reactor was 40 s for 
these experiments. 
 
3.2.6 Heterogeneous Reaction Kinetics  
Briefly, in a typical oxidation kinetics experiment, the Aerosol-CIMS is used to 
monitor the concentrations of the SOA products of interest. A previous study conducted 
in our group has characterized in detail the products of this reaction. (Sareen et al., 2010) 
Aerosols containing SOA products are exposed to O3 or OH in their respective reactors. 
As mentioned earlier, for the O3 flow tube reactor, the position of the injector through 
which O3 is introduced is changed in order to achieve 5 different reaction times. To 
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change the reaction time in the OH reactor, the gas-phase oxidant can enter through 3 
different ports. Various peaks are observed for changes in signal with reaction time.  
The reactive uptake coefficient, , is calculated based on the measured rate 
constants for the reaction of the oxidants with individual SOA products. The signal decay 
for each peak is averaged for a given reaction time and plotted as a function of reaction 
time. The slope of the error-weighted linear least-squares fit gives the observed pseudo-
first order-rate coefficient, k
I
.  
Assuming an aqueous-phase heterogeneous reaction between O3 and the SOA 
products, the loss rate of the organic that gets depleted can be expressed as: 
        
  
                     
                    (3.3) 
where [Org]aq is the concentration of the organic, and [O3]aq is the concentration of the 
oxidant, H is the Henry’s Law solubility constant for O3 (~0.013 M atm
-1
), (Müller and 
Heal, 2002) and     is the partial pressure of O3 in the gas phase.  
Since the diffuso-reactive length (the characteristic distance the O3 molecule 
diffuses within the particle before it reacts,    
 
        
) is greater than the radius of the 
particles, we can assume a uniform distribution of the oxidant through the particle. 
Hence, the reaction rate is not limited by in-particle diffusion of the oxidant and Eq. 3.3 
can be simplified to: 
        
  





H    is the pseudo-first-order rate constant. 
Finally, k
I
 can be related to the reactive uptake coefficient using the following 






   
   
    
 
 
                      (3.5) 
where R is the gas constant, T is the temperature,   is the mean speed of the oxidant 
molecules, and r is the radius of the particles. 
 
3.3 Results and Discussion 
The photolysis and heterogeneous reactions of O3 and OH with aqueous SOA 
formed by methylglyoxal or glyoxal and (NH4)2SO4 was observed to result in an increase 
in aerosol light absorption, and the formation of volatile organic acid products. 
 
3.3.1 Ozonolysis Products for SOAs from (NH4)2SO4 and Methylglyoxal  
Table 3.1 which has been adapted from Sareen et al. (2010) shows the different 
SOA product peaks detected with the Aerosol-CIMS using the I
-
 detection scheme and 
the observed change upon exposure to each oxidant. A prompt decrease of signal is 
observed at some of the higher masses upon exposure to O3, accompanied by an increase 
of signal at some lower masses, indicative of O3 reacting with the SOA products to form 









   
72 
Table 3.1. Table adapted from Sareen et al. (2010) showing proposed peak assignments 
for Aerosol-CIMS mass spectra with I
-
 as the reagent ion for solutions containing 
methylglyoxal and (NH4)2SO4. The up and down arrows in the two columns on the right 
indicate an increase or decrease, respectively, in signal at that mass when exposed to O3 
or OH. NC indicates no discernible change was seen with increasing reaction times.  
 
m/z (amu) 







































 Figure 3.3 shows an Aerosol-CIMS difference spectrum comparing the results for 
aerosols before and after exposure to 0.2 ppm of O3 for 40 seconds in the flow tube 
reactor. The peaks that lie above the x-axis increase in the presence of O3, whereas the 
peaks below the x-axis decrease. We see clear evidence that the (hemi)acetals and aldol 
condensation products at m/z 271.5 amu, 273.5 amu, and 289.5 amu decrease by ~90% 
when exposed to O3. Additionally, as the exposure time increases, the peaks at 271.5 amu 
and 289.5 amu decrease further. The peaks at 273.5 amu and 275.6 amu did not show a 
clear trend with exposure time over the range of conditions studied here. Upon exposure 
to O3, the peak at 217 amu also decreases by ~30%. This peak is attributed to either 
singly hydrated methylglyoxal or oxalic acid. These compounds are not expected to react 
with O3, therefore, we attribute the decrease in signal to a shift in the aqueous-phase 
equilibrium caused by the oxidation of other SOA products.  
 
Figure 3.3. Spectrum showing the difference between (NH4)2SO4 and methylglyoxal 
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 Most of the compounds that undergo ozonolysis break down into smaller, more 
volatile organic acids. One such possible pathway is shown in scheme 3.1, where the 
aldol condensation product with a formula C6H8O4 at m/z 271.5 amu, undergoes 
ozonolysis to form formic and acetic acids, along with CO2.  
 
           
 
 
Scheme 3.1. Ozonolysis of the product at 271.5 amu leads to the formation of (a) formic 
acid and CO2 and/or (b) acetic acid and CO2. 
 
Figure 3.3 shows a significant increase in the formic acid peak at 173 amu upon 








and 200.9 amu as seen in the figure represents an increase in acetic acid and glyoxylic 
acid, respectively, both of which are predicted to form under ozonolysis of the 
compounds with formula C6H8O4 and C6H10O5 observed at m/z 271.5 amu and 289.5 amu. 
A broad peak that encompasses masses from 213 amu to 215 amu corresponds to 
oxopropanedial (213 amu) and pyruvic acid (215 amu) respectively, products from the 
reaction of O3 with the peak at 271.5 amu. Similar mechanisms are also seen for the 
ozonolysis of the hemi(acetal) and aldol condensation products observed at m/z 289.5 
amu, breaking to form compounds like formic acid, acetic acid, methanol, and 
formaldehyde, amongst others. Table 3.2 lists the various oxidation products and their 
structures that were observed in our system. 
 
Table 3.2. Compounds formed upon the ozonolysis, photolysis, and/or OH oxidation of 



















































3.3.2 Kinetics of Ozonolysis  
Figure 3.4 shows the signal decay for a sample peak traced at 271.5 amu plotted 
against the reaction times to attain k
I
 values.  
 
Figure 3.4. Loss of the peak at 271.5 amu as a function of reaction time in the presence 































The values for average k
I
, , and , the lifetime of the specific species in the 
atmosphere are listed in Table 3.3.  
 






]  atm [hr] 
    
271.5 0.003 1.37 x 10
-8
 0.95 
289.5 1.7 x 10
-4




 Ozone concentrations were varied between 0.2 ppm and 0.8 ppm. No clear trend 
for the rate constant with ozone concentrations over this concentration range was seen for 
most of the traced peaks. The peak at 271.5 amu, showed a slight increase in k
I
 with 
increasing ozone concentrations as seen in Figure 3.5.  
 
 
Figure 3.5. Average k
I
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3.3.3 Changes in UV-Vis Absorption with Ozonolysis  
(NH4)2SO4 and methylglyoxal SOA products exposed to 0.2 ppm O3 for 40 
seconds in the flow tube reactor show an increase in light absorption over UV and visible 
wavelengths as shown in Figure 3.6a. Two main peaks appear in the spectrum: a strong 
peak at 216 nm and another around 282 nm, both of which are representative of the 
presence of carbonyls. (Sareen et al., 2010) This result suggests that the formation of new 
carbonyl groups upon oxidation has a greater impact on particle light absorption than the 


































Figure 3.6. UV-Vis spectra of (NH4)2SO4 and a) glyoxal SOA particles exposed to 0.2 
ppm of O3 b) methylglyoxal SOA particles exposed to 0.2 ppm of O3. 
 
Similar results are observed for the products of the glyoxal/(NH4)2SO4 system 
(Figure. 3.6b). This spectrum has peaks at 216 nm and 277 nm. Table 3.4 lists the relative 
increase in absorption with oxidation at the specified peaks for both the methylglyoxal 
and glyoxal systems.  
 
Table 3.4. Relative increase in absorption after oxidation. 
 Wavelength (nm) Oxidized/non-oxidized 
Methylglyoxal 216 1.3 ± 0.06 
 282 2.7 ± 1.2 
Glyoxal 216 1.5 ± 0.2 
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3.3.4 Photolysis, OH Oxidation Products and Kinetics of SOAs from (NH4)2SO4 and 
Methylglyoxal  
In the OH reactor, we have three processes that can possibly affect the reaction 
chemistry: photolysis due to the OH lamp, reaction with O3, and reaction with OH. 
During the daytime, degradation via photolysis can be a major fate of organic 
compounds. Hence, before studying the effect of OH on these SOAs, we will conduct 
experiments to assess the impact of photolysis during the daytime on these SOAs. Our 
OH lamp transmits at wavelengths above 290 nm, which are relevant for the troposphere. 
In order to study photolysis, we observe the Aerosol-CIMS signals as the OH lamp is 
turned on and off without producing any OH. This allows us to study the effect of 
photolysis on the particles. We observe a significant influence on the particles due to 
photolysis. There is a large fraction of the formic acid and pyruvic acid peaks at 173 amu 
and 215 amu, respectively, which are primarily due to photolysis. The photooxidation 
pathway for methylglyoxal (Scheme 3.2), shows that it photolyzes to form these 








Scheme 3.2. Photooxidation mechanism for methylglyoxal in air. (Barker, 1995)  
 
Hence, even when methylglyoxal is present in a reactive aqueous system, it breaks down 
into similar products. We do not see a major change in the major SOA product peak at 
m/z 289.5 amu. The aldol condensation products at m/z 271.5 amu show a slight decrease 
in signal when is exposed to the lamp, implying that they may be photolyzing to a small 
extent. Table 3.5 lists the photolysis rate constants observed in our system for these 
peaks.  
Table 3.5. Photolysis rate constants for the SOA products of (NH4)2SO4 and 







271.5 1.15 x 10
-4
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When oxidized by OH, the above-mentioned peaks decrease further as compared 
to purely by photolysis. Additionally, oxidation by OH leads to the formation of a wider 
range of compounds at a faster rate than that observed during ozonolysis. A decrease in 
the aldol condensation and (hemi)acetal products at m/z 271.5 amu and 289.5 amu with 
OH exposure is observed (Figure 3.7). Most of the compounds at these peaks get 
oxidized to form smaller compounds that we have mainly identified to be formic acid at 
173 amu, acetic acid at 187 amu, glyoxylic acid at 200.9 amu, (and pyruvic acid at 215 
amu) amongst others. The broader peak which encompasses 215-217 amu can be 
attributed to both pyruvic acid (215 amu) and oxalic acid or singly-hydrated 
methylglyoxal (217 amu), both of which are oxidation products. There is no distinct way 
of knowing which of the two compounds, oxalic acid or singly-hydrated methylglyoxal 
can the peak at 217 amu be attributed to as both have the same mass and both are 
expected to occur in the studied system. All the above oxidation products are expected to 
form in our system based on the reaction schemes we have determined when the 
compounds at 271.5 amu and 289.5 amu with formulae C6H8O4 and C6H10O5, 
respectively, are exposed to OH. Our reaction schemes have also shown that these higher 
molecular weight compounds can get oxidized to form methylglyoxal, which would 
correspond to the 199 amu peak we see with I
-
 in the Aerosol-CIMS spectra. An increase 
in peaks at 227 amu and 241 amu can be attributed to compounds with formulae C4H4O3 








Figure 3.7. Spectrum showing the difference between (NH4)2SO4 and methylglyoxal 




 of OH and not being exposed to OH. 
 
 Similar to the kinetic analysis for O3, the pseudo first-order rate constants and 
uptake coefficients for the reactive species in the system were determined by changing 
the reaction times in the reactor. As expected, the majority of the compound peaks 
decrease in intensity with increasing OH reaction time. Table 3.6 lists the rate data for 
these peaks. In the presence of OH, the aqueous SOA products have a lifetime in the 
atmosphere of a few seconds, much shorter than in the presence of O3, which is on the 
order of a few hours. Comparing the rate constants of the SOA products for the three 
processes that occur in the reactor, OH oxidation will be the dominant reaction, followed, 
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Table 3.6. Kinetic parameters for the oxidation of the SOA products of (NH4)2SO4 and 





]  atm [sec] 
    
271.5 0.0174 0.071 9.18 




3.3.5 Volatilization  
The peaks at m/z 173 amu, 187 amu, 200.9 amu, and 215-217 amu have the same 
magnitude with and without the VFT indicating that the species present at these masses 
are volatile. The species at m/z 271.5 amu and 289.5 amu appear in the no heat 
temperature control experiments at a smaller magnitude, as also observed previously 
(Sareen et al., 2010), which tells us that they are semivolatile. We observe a distinct 
increase in signal at m/z 225.2 amu when the heating is turned on, suggesting the 
presence of a non-volatile species.  
 
3.4 Conclusions and Atmospheric Implications 
The results of this study provide insight into the fate of the secondary organic 
products formed in aqueous mixtures of (NH4)2SO4 and methylglyoxal in the atmosphere. 
In the presence of oxidants like O3 and OH, these products will degrade into smaller and 
more volatile organic compounds. Additionally, upon ozonolysis we observe an increase 






As mentioned above, the photooxidation of aqueous SOA can be a potential 
source of more volatile organic compounds like formic acid, acetic acid, and glyoxylic 
acid in the atmosphere. SOAs formed from other aldehydes like glyoxal, acetaldehyde, 
formaldehyde, and glycoaldehyde could also undergo similar oxidation mechanisms, 
thereby making this pathway potentially important for the formation of the resulting 
volatile compounds. Additionally, Zhao et al. (2012) have shown that the reaction of 
H2O2 with glyoxal and methylglyoxal can lead to the formation of 
hydroxyhydroperoxide, which can then get photooxidized to form formic acid and acetic 
acid. (Zhao et al., 2012) Even at cloud relevant concentrations, the formation of these 
organic acids has been observed upon aqueous OH radical oxidation of methylglyoxal. 
(Tan et al., 2010) Recently, Paulot et al. (2011) highlighted that formic acid and acetic 
acid are the most abundant and ubiquitous trace gases in the atmosphere, yet their global 
budgets are underpredicted and there are major inconsistencies between model 
predictions and measurements. (Paulot et al., 2011) The aqueous phase oxidation of 
SOAs discussed in this study may contribute to the missing source of these volatile 
compounds in the atmosphere. 
Reaction with OH radicals is a major fate of most organics in the atmosphere 
during the daytime in both clean and polluted environments. Given the rate constants and 
lifetimes for our reactions with OH, we would not expect SOAs formed from 
methylglyoxal to last for a significant time in the atmosphere during the day. However, in 
the night time, when there is no production of OH, these SOAs can last for a considerable 
time as their reactions with O3 are comparatively slower. For instance, the SOA 
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compound at m/z 289.5 amu can last for ~17 hrs in the presence of only O3, which can be 
sufficient time to affect the physical and chemical properties of the aerosol. 
Besides organic acids, similar to the fate of other hydrocarbons in the atmosphere, 
our results are consistent with reaction schemes which indicate that this oxidation 
chemistry is a source of HO2 and CO2 in the atmosphere. These reactions also regenerate 
OH and hence could be a potential source of OH. 
Traditionally in atmospheric models SOA is treated as nonabsorbing, and usually 
scattering.(Dinar et al., 2008) Recent studies have shown that SOA is a potential source 
of brown carbon, including those which have glyoxal and methylglyoxal as precursors. 
(Bones et al., 2010; Nozière et al., 2009b; Sareen et al., 2010; Schwier et al., 2010; 
Shapiro et al., 2009) In our system, we observe a further increase in light absorption 
across all wavelengths when the light-absorbing products formed from methylglyoxal are 
exposed to O3. Even though brown carbon doesn’t absorb as strongly as black carbon at 
wavelengths higher than 550 nm and contributes in a minor way to aerosol absorption, 
(Andreae and Gelencsér, 2006) its absorption has the potential to reduce tropospheric O3 
levels. (Jacobson, 1999, 2002) If these particles do indeed show increased light 
absorption in the atmosphere, then oxidized SOA from other aldehydes could also be a 
potential source of brown carbon which is not currently represented in atmospheric 














Clouds, a key component of the climate system, form when water vapor 
condenses upon atmospheric particulates termed Cloud Condensation Nuclei (CCN). 
Variations in CCN concentrations can profoundly impact cloud properties, with 
important effects on local and global climate (IPCC, 2007). The ability of particles to act 
as CCN is affected by their chemical composition and dry particle size. Organic matter 
(OM) constitutes a significant fraction of tropospheric aerosol mass (Jimenez et al., 2009; 
IPCC, 2007), and can influence CCN activity by depressing surface tension, contributing 
solute, and influencing droplet activation kinetics by forming a barrier to water uptake at 
the surface (Feingold and Chuang, 2002). All CCN studies to date assume that surfactants 
are non-volatile and preexist in the CCN prior to activation. 
The reactive uptake of volatile organic compounds (VOCs) by wet aerosols is a 
potentially important source of OM (Donaldson and Vaida, 2006; Ervens and Volkamer, 
2010; Kroll et al., 2005). The -dicarbonyl species glyoxal and methylglyoxal belong to 
this class; they are absorbed by wet aerosol particles (or cloud droplets) and undergo 
aqueous phase reactions to form low-volatility secondary organic aerosol (SOA) (Ervens 
and Volkamer, 2010; Tan et al., 2010). Recent studies have shown that the formation of 
SOA via the condensation of low-volatility VOC oxidation products, which are generally 
less hygroscopic than deliquescent inorganic salts, can affect the CCN activity of the seed 
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aerosol (Duplissy et al., 2008; Engelhart et al., 2008b; King et al., 2009; Prenni et al., 
2007; VanReken et al., 2005; Engelhart et al., 2011). Few studies have focused on the 
impact of SOA generated in the aqueous phase on aerosol CCN activity (Bilde and 
Svenningsson, 2004; Cruz and Pandis, 2000; Prenni et al., 2001). SOA generated through 
aqueous-phase chemistry is likely to be highly oxygenated and surface active, hence 
making it more CCN active (Sareen et al., 2010; Schwier et al., 2010). 
We studied the changes in the CCN activity of ammonium sulfate seed aerosols 
upon exposure to gas-phase methylglyoxal or acetaldehyde. A continuous flow 
streamwise thermal gradient CCN chamber (CFSTGC) was used downstream of a 3.5 m
3 
Teflon reaction chamber or an aerosol flow tube in order to determine the cloud-forming 
potential of these aerosols after various exposure times. The critical dry diameters 
observed for each experiment as a function of instrument supersaturation are compared to 
the (NH4)2SO4 control in order to demonstrate the effect of the organics. A decrease in 
critical activation diameter at a given critical supersaturation indicates enhancement in 
CCN activity, and vice versa. We find that on the timescale of hours, methylglyoxal 
and/or acetaldehyde exposure enhances CCN activation beyond what is expected from 
equilibrium theory. To our knowledge, this is the first direct experimental evidence that 
the uptake of gas-phase organic precursors to atmospheric aerosol particles may lead to 
an enhancement in cloud droplet formation. These results further assert the importance of 
organics in determining the CCN activity of atmospheric aerosol particles. This study 
introduces the idea that volatile organics in the atmosphere may act as a reservoir of 








A schematic of the experimental setup is shown in Figure 4.1. A 0.2 M 
(NH4)2SO4 solution was prepared using Millipore water and the pH was adjusted to 0±0.1 
or 2±0.1 using H2SO4, as the reactions which drive uptake are thought to be promoted by 
an acidic environment (Sareen et al., 2010). The solution was aerosolized with pure N2 
using a constant output atomizer (TSI). This aerosol stream was exposed to either gas-
phase methylglyoxal (250 ppb or 8 ppb) and/or acetaldehyde (250 ppb or 8 ppb) in a 
continuous-flow 3.5 m
3
 Teflon aerosol chamber. The organic trace gas and (NH4)2SO4 
particles were added into the chamber together at a total flow rate of 13 LPM for a typical 
residence time of ~5 h. To characterize the time evolution of these processes, a residence 
time of 3 h was also tested using the chamber, and a glass flow tube (7.5 cm ID, 55 cm 
length) was used for a 3 min exposure time. Relative humidity inside the reactors was 
maintained between 62-67% as measured with a relative humidity meter (Vaisala) by 
passing the N2 dilution flow though a bubbler filled with Millipore water. At the outlet of 
each reactor, the particles were passed through a diffusion dryer, a scanning mobility 
particle sizer (SMPS, TSI) and a CFSTGC (Droplet Measurement Technologies) to 
monitor particle concentration and CCN activity, respectively, using Scanning Mobility 










). The size distribution had a mean volume-weighted particle radius of 231±1.3 nm with 
a geometric standard deviation of 1.4 (mean surface-weighted particle radius was 
203±1.7 nm with a geometric standard deviation of 1.6).  
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Figure 4.1. Schematic of the experimental setup. Gas phase methylglyoxal and/or 
acetaldehyde and ammonium sulfate seed aerosols are introduced into the chamber 
maintained at 62-67% RH. At the outlet, particles are analyzed using a SMPS and a 
CFSTGC. 
 
The pure (NH4)2SO4 solution was aerosolized, passed though a diffusion drier, 
and analyzed using SMCA to obtain the salt control. A control experiment with only the 
inorganic seed aerosol being introduced into the chamber was also conducted and 
analyzed, and the results consistent with the pure (NH4)2SO4 solution data. Bulk aqueous 
solutions containing 0.5 M of the organic (methylglyoxal and/or acetaldehyde) with and 
without 3.1 M (NH4)2SO4 were allowed to react for 24 h, and were then atomized and 
analyzed in a similar manner. For select experiments, the (NH4)2SO4/methylglyoxal 
particles were passed through a heated stainless steel tube at 100
o





























SMPS/CFSTGC. No appreciable difference in the CCN activity spectra was observed 
with and without heating, suggesting that CCN activity in this system is not affected by 
volatilization biases (Asa-Awuku et al., 2009). 
At the end of each chamber experiment, particles from the chamber were 
collected on Zeflour filters (Pall, 47 mm, 2.0 µm) for ~ 14 h at a pumping rate of 14 
LPM, where 7 LPM was the chamber effluent and the rest of the flow consisted of dry N2 
in order to avoid deliquescence of the filter-sample aerosol. The water-soluble fraction of 
the collected particles was analyzed following the procedures of Asa-Awuku et al. (2010) 
(Asa-Awuku et al., 2010): the filters were extracted in 8 mL of pure water (18 MΩ) 
during a 1.25 h sonication process in a water bath heated to approximately 60°C. The 
filter extracts were then analyzed for WSOC concentration with a Total Organic Carbon 
(TOC) Turbo Siever analyzer, for soluble anion and cation composition with an Ion 
Chomatography system (Dionex DX-500); the CCN activity of the samples was 
measured by atomizing 3-5 mL of the extracted sample in a collision-type atomizer, 
drying the aerosol stream with two diffusion dryers, and analyzing using SMCA as 
described for the chamber experiments. The hygroscopicity of each filter extract was then 
determined with respect to a pure water blank. Gas-phase methylglyoxal was prepared as 
described previously by Kroll et al. (2005) (Kroll et al., 2005), except methylglyoxal was 
collected in a cold finger at -70 °C. While at this temperature, a 5 sccm or 0.5 sccm N2 
stream was passed though the cold finger for a final concentration of 250 ppb or 8 ppb 
methylglyoxal in the aerosol reaction chamber. Acetaldehyde was prepared by adding 
99.9 wt% liquid acetaldehyde (Sigma Aldrich) to a cold finger under an oxygen-free 
environment and then passing a 1.4 sccm N2 stream over it while the cold finger was kept 
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at -78 °C for a final concentration of 250 ppb or passing a 0.3 sccm N2 stream over it 




4.3.1 Cloud Droplet Number (CDN) Calculations 
 
Computation of droplet number, Nc, is carried out with the Fountoukis and Nenes 
(FN; 2005) (Fountoukis and Nenes, 2005) droplet activation parameterization 
(augmented to account for depletion effects from Giant CCN; Barahona et al., 2010) 
(Barahona et al., 2010). FN is a comprehensive and efficient formulation, which has been 
evaluated extensively with numerical simulations (Barahona et al., 2010; Fountoukis and 
Nenes, 2005; Ghan, 2011), as well as in situ measurements (Fountoukis et al., 2007; 
Meskhidze et al., 2005). FN is based on the framework of an ascending adiabatic cloud 
parcel; Nc is determined by the maximum supersaturation, smax, which is controlled by the 
water vapor balance and is obtained by classifying the droplets by proximity to their 
critical diameter (“population splitting”). The effective water vapor uptake coefficient 
(which affects the water vapor mass transfer coefficient during droplet formation) is set 
to 0.06, following Fountoukis et al. (2007). (Fountoukis et al., 2007) The model was 
integrated for 2 years with present day emissions of sulfur and sea salt; monthly, 









4.3.2 Kinetics of Methylglyoxal Hydration and Oligomerization  
Methylglyoxal (MG) rapidly reacts with water in aqueous aerosols to form 
hydrated methylglyoxal (HMG) according to: 
MG +H2O ↔ HMG                                                            (4.1) 
According to the density functional theory calculations of Krizner et al. (Krizner 
et al., 2009), the corrected free energy barrier for this process is 17.3 kcal mol
-1
, and the 






, yielding a pseudo-first-order rate constant at 298 
K of approximately 6 s
-1
. Hence, the time required for methylglyoxal to be 98% 
converted to its singly hydrated form (Betterton and Hoffmann, 1988a) is ~0.7 s. The 
apparent enhancement in MG uptake due to hydration is already accounted for in the 





) (Betterton and Hoffmann, 1988a).  





 were presented by Sareen et al. (Sareen et al., 2010) It was found that the 
rate limiting step for the formation of oligomers was the protonation of singly hydrated 





















. The conversion rate of HMG, is described by the following 
equation: 
        
      
        
      
                       (4.2) 
 
In the aerosol experiments presented here, [NH4
+
]=28 M and [H3O
+
]=7 M. Because the 
oligomerization reactions are relatively slow compared to the diffusional timescale in the 
 




/D, where R is the characteristic length scale and D is the diffusion 
coefficient, we expect that the concentration of HMG in the particle is spatially uniform 
and maintained relatively constant via MG absorption from the gas phase according to 
Henry’s Law. Based on a gas-phase MG concentration of 250 ppb, [HMG]=8×10
-3
 M. 
After 3 hours of reaction, the total amount of MG sequestered as oligomeric products is 
between 2.02×10
-4
 M and 1.03×10
-2
 M. The total concentration of MG and products is 
then 0.031-6.06x10
-4
 mol C kg
-1
 H2O.  
4.3.3 Inorganic:Organic Ratio 
This ratio for the chamber filter extracts was calculated based on WSOC and IC 
analysis. The inorganic on the filter was 1.57x10
4
 µg and the water soluble organic 
matter was 18.928 µg, giving a ratio of 829.4. For comparison, this ratio is also 
calculated for the particles in the chamber. Based on 250 ppb of methylglyoxal in the 




, the in-particle concentration of 
methylglyoxal is 0.008 M. Following Tang and Munkelwitz (Tang and Munkelwitz, 
1994), a 0.2 M ammonium sulfate atomizer solution will lead to an in-particle 
concentration of 14 M at 65 % relative humidity. The inorganic:organic ratio for the 
chamber based on these numbers is 3208.9. 
 
4.3.4 Köhler Theory Analysis (KTA) 
The following equations from Moore et al. (Moore et al., 2010) were used to infer 










      
  
  
    
















                    (4.3) 
where the subscripts i, o, and w refer to the inorganic, organic, and water respectively. M 
is the average molecular weight, ρ is the density, ν is the effective van’t Hoff factor, R is 
the universal gas constant, T is the median temperature of the CFSTGC column, σ is the 
surface tension, and ε is the mass fraction calculated as: 








               (4.4) 
ω, the fitted CCN activity factor, is determined from the critical supersaturation (Sc) and 
the critical dry activation diameter (dd) using the equation: 
       
                                                                                              (4.5) 
 
4.3.5 Surface Tension of the Particle Based on Henry’s Law 
The surface tension of the aerosol particles can be estimated using the 
Szyszkowski-Langmuir equation: 
       –                       (4.6) 
where σ and σ0 are the surface tension with and without the organics, respectively, T is 
temperature, C is the carbon content, and a and b are fit parameters. Although the 
particles studied here were composed of ammonium sulfate, we are interested in 
calculating the surface tension of the particle at the moment of activation. At that point, 
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the particle is composed mostly of water. Therefore, values for a and b are taken from the 
surface tension measurements done on a methylglyoxal and water solution using pendant 




 and b=3.050 kg water (mol C)
-1
. σ0 was tested 
in our laboratory using Millipore water and found to be 72.55 dyn cm
-1
. 
 C is calculated based on the assumption that the droplet is in Henry’s Law 
equilibrium with the gas phase, and that the total contribution of oligomeric products 
formed prior to activation is small. Hence based on 250 ppb of methylglyoxal in the 
chamber (and CFSTGC), we calculate an 8x10
-3
 M methylglyoxal concentration, or 
0.0240 mol C (kg water)
-1
. Plugging these values into the Szyszkowski-Langmuir 
equation gives a value of 72.02 dyn cm
-1
 for the surface tension of the methylglyoxal and 
ammonium sulfate particles. Surface tension depression will lower the value of  by a 





      
where Δσ is the surface tension depression from that of pure water.  In our case, the 
calculated surface tension value of 72.02 dyn cm
-1
 will lead to a very small (2.2%) 
increase in .  
For acetaldehyde, the constants a and b are taken from the surface tension 
measurements done on an acetaldehyde and water solution using pendant drop 




 and b=491.64 kg water (mol C)
-1
 (Li et al., 2011). 
Based on 250 ppb of acetaldehyde in the chamber and a Henry’s Law constant of 11.4 
M/atm, the acetaldehyde concentration in a particle is 2.85 x 10
-6





. These values give a surface tension of 73.16 dyn cm
-1






of the acetaldehyde and ammonium sulfate particles and will lead to a negligible change 
in  of 0.01%. 
 
4.3.6 Concentration of Methylglyoxal at the Moment of Activation 
The critical wet diameter, Dc, is  
     
   
 
 
   
  
                                                                                                      (4.8) 
where,  is the hygroscopicity parameter, calculated from CCN activity data following 
Petters and Kreidenweis (Petters and Kreidenweis, 2007), and 
     
     
    
               (4.9) 
Based on the amount of methylglyoxal in the chamber, 250 ppb, we can calculate the 
number of molecules of methylglyoxal at each dd. Since the number of molecules is 
constant in the particle, it can be divided by the corresponding volume at Dc to get the 
concentration at the activated diameter.  
 
4.3.7 Calibration of Supersaturation in the CCN Counter 
The effective supersaturation in the CCN instrument depends on the flow rate, 
pressure and temperature gradient applied on the column (Lance et al., 2006). Scanning 
Mobility CCN Analysis (SMCA) with (NH4)2SO4 calibration aerosol is used to determine 
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supersaturation for a given set of operating conditions, following the procedure of Moore 
et al. (2010) (Moore et al., 2010). Calibration aerosol is generated by atomizing an 
ammonium sulfate solution in pure water. Atomized droplets were dried in a silica gel 
dryer and sampled by a differential mobility analyzer (DMA; TSI 3081 Long DMA) that 
classifies the aerosol and then introduced into the CFSTGC and a Condensation Particle 
Counter (CPC; TSI 3010). The voltage applied to the DMA was scanned, and inversion 
of the time series of CCN and CPC counts yields the fraction of classified particles that 
act as CCN (“activation curve”). The dry mobility diameter for which half of the 
classified particles act as CCN, d50, is used to characterize instrument supersaturation 
(being equal to the critical supersaturation of particles with dry diameter equal to d50). 
Köhler theory is used to compute the effective instrument supersaturation, assuming the 
(NH4)2SO4 particles have (at the point of activation) the surface tension and density of 
pure water, and a variable van’t Hoff factor is used as described in Moore et al. (2010) 
(Moore et al., 2010). 
 
4.4 Results and Discussion 
Figures 4.2 summarizes the results of the most relevant CCN activation 
experiments showing the change in critical activation diameters as compared to pure 
(NH4)2SO4 for the various conditions tested. Figure 4.3 contains the supersaturation vs 
activation diameter plots for each individual condition tested in this study. After 3 
minutes of exposure to 250 ppb methylglyoxal in the flow tube experiments, there is a 












Figure 4.2. Cloud condensation nuclei (CCN) activity data. Humidified 
(NH4)2SO4 aerosols were exposed to gas-phase methylglyoxal or acetaldehyde in 
a 3.5 m
3
 Teflon reaction chamber. The critical dry diameters observed for each 
experiment as a function of instrument supersaturation are compared to the 
(NH4)2SO4 control in order to demonstrate the effect of organics. A decrease in 
critical activation diameter at a given critical supersaturation indicates 
enhancement in CCN activity, and vice versa. The data shown here are the results 
for (NH4)2SO4 particles exposed to 250 ppb and 8 ppb of methylglyoxal for 5 h, 
particles exposed to 250 ppb and 8 ppb of acetaldehyde for 5 h, and finally 
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Figure 4.3. Cloud condensation nuclei (CCN) activity data. Humidified (NH4)2SO4 
aerosols were exposed to gas-phase methylglyoxal or acetaldehyde in a 3.5 m
3
 
Teflon reaction chamber or a glass flow tube for varying residence times. The 
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supersaturation are compared to the (NH4)2SO4 control (purple diamonds) in order 
to demonstrate the effect of organics. Closed and open symbols represent the first 
and second trials for each time point, respectively. The small graphs on the right 
side represent the entire range of supersaturations studied, whereas the main plots 
zoom in on the smaller diameters. The dashed lines show values of constant , 
ranging from our (NH4)2SO4 control ( ~ 0.6) to the maximum  value observed for 
each experiment. Panels (a) and (b) show the results for particles exposed to 250 
ppb and 8 ppb of methylglyoxal for 5 h, respectively. Panels (c) and (d) show the 
results for particles exposed to 250 ppb and 8 ppb of acetaldehyde for 5 h, 
respectively. In panel (e), particles were exposed to 8 ppb of methylglyoxal and 8 
ppb of acetaldehyde for 5 h. In panel (f), particles were exposed to 250 ppb of 
methylglyoxal for 3 h. Panels (g) and (h) show the results for particles exposed to 
250 ppb and 8 ppb of methylglyoxal for 3 min in the flowtube reactor, respectively.  
 
For the conditions considered, methylglyoxal reduces the critical activation 
diameters of the inorganic seed aerosol on average by 6.36±0.05% at the supersaturations 
studied (0.2% to 1.0%). For marine aerosols, where stratocumulus clouds 
(supersaturation ~0.1-0.2%) are prevalent, a decrease in critical activation diameter 
within those supersaturation ranges can increase CCN concentrations by up to 54%. For 
continental aerosols, at supersaturations between 0.6-1.0%, typical of convective clouds, 
CCN concentrations can increase by up to 14% (Figure 4.4, 4.5) (Nenes and Seinfeld, 
2003).  
 




Figure 4.4. Change in CCN concentration when surfactant effects are included for 
marine aerosols. The blue line indicates CCN concentration without the effect of 
surfactants, the red line with the effect of surfactants, and the green line is the 
percent difference between the latter and the former. The CCN concentrations are 
calculated as a function of supersaturation using classical Köhler Theory, as 
described in Nenes and Seinfeld (Nenes and Seinfeld, 2003), using size 
distributions for marine aerosols given by Whitby (nuclei mode, median diameter: 


































Figure 4.5. Change in CCN concentration when surfactant effects are included for 
continental aerosols. The blue line indicates CCN concentration without the effect 
of surfactants, the red line with the effect of surfactants, and the green line is the 
percent difference between the latter and the former.  The CCN concentrations are 
calculated as a function of supersaturation using classical Köhler Theory, as 
described in Nenes and Seinfeld (Nenes and Seinfeld, 2003), using size 
distributions for continental aerosols given by Whitby (nuclei mode, median 
diameter: 0.016 um, geometric standard deviation: 1.6) (Whitby, 1978). 
 
More importantly, in the presence of such a surfactant, cloud droplet number 
concentrations (CDNC) can be enhanced by as much as 20% in the atmosphere as seen in 
Figure 4.6. The CDNC are calculated with the Fountoukis and Nenes (2005) (Fountoukis 
and Nenes, 2005) droplet activation parameterization (Supplementary Information) and 
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stratocumulus clouds (SMax~0.1-0.3), this surfactant effect can increase CDNC by 10-
15% for marine aerosols and by 15-20% for continental aerosols. It should be noted that 
stratocumulus clouds are most prevalent in the atmosphere and most sensitive to changes 
in microphysics, hence a 20% increase in CDNC can have a significant impact in the 
atmosphere. 
Hydration of methylglyoxal in the aqueous phase occurs on a timescale of ~1 s 
(Krizner et al., 2009). The timescale of the methylglyoxal oligomerization reactions, 
which drive the uptake of methylglyoxal to the particle, is on the order of hours in 
saturated ammonium sulfate solutions (Sareen et al., 2010). This is consistent with our 
observations that a reaction time of up to 3 hours is required for the surfactant effect of 
the hydrated methylglyoxal and oligomers to become apparent in the CCN data. Full 









Figure 4.6. Cloud droplet number concentrations computed using a droplet activation 
parameterization by Fountoukis and Nenes (2005) (Fountoukis and Nenes, 2005) with 
and without the surfactant effects observed in this study. The “with surfactant” data is 
based on =1, which is the maximum enhancement we see in our experiments.  The 
“without surfactant” data is based on =0.6, similar to that of (NH4)2SO4. The 
maximum vertical velocity ranges from 0.2-2 m/s, typical to that of the atmosphere, 
and corresponds to supersaturation (Smax) of 0.1% – 1.0%. Panel (A) shows the 
marine aerosol case, panel (B) shows the continental aerosol case. An increase in 
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The observed critical supersaturation (Sc) deviates somewhat from the power law 
dependence on dry diameter (dd) predicted by simple Köhler theory (Sc~ dd
-1.5
); power 
law exponents range from -1.28 for the 5 h experiments to -1.51 for 3 min exposures 
(Table 4.1).  
 
Table 4.1. Exponents of the power log fits for the SS vs dry diameter graphs for the 
various chamber experiments. As expected, these values deviate from the pure AS 
calibration curve. 
Experiment 
Average power log 
fits (exponent) 
(NH4)2SO4 -1.52 ± 0.03 
5 hr 250 ppb MG -1.34 ± 0.09 
3 hr 250 ppb MG -1.37 
3 min 250 ppb MG -1.42 ± 0.03 
5 hr 8 ppb MG -1.34 ± 0.09 
3 min 8 ppb MG -1.51 
5 hr 250 ppb AC -1.47 ± 0.06 
5 hr 8 ppb AC -1.59 ± 0.001 
5 hr 8 ppb AC, 8 ppb MG -1.57 ± 0.04 
 
These deviations from Köhler theory at the longer timescales are consistent with the 
surfactant content in the particles increasing with time. In order to assess the influence of 
methylglyoxal, the CCN activation curve for each experiment is compared to that of pure 
(NH4)2SO4 (Figures 4.2, 4.3). Larger deviations from this control curve are seen at high 
critical supersaturations (i.e., smaller critical dry size for activation). Such size-dependent 
deviations from Köhler theory are typical of aerosols containing surfactants (Moore et al., 
2008), as the surfactants in particles activating at higher supersaturations (i.e. smaller 
particles) tend to be more concentrated at the critical wet diameter, resulting in a greater 






Table 4.2 lists the average apparent hygroscopicity parameter,  (calculated from 
the CCN activity data following Petters and Kreidenweis (Petters and Kreidenweis, 
2007)) for each experiment. For the 3 min flow tube experiments, the  values 
(0.63±0.18) are consistent with (NH4)2SO4. Particles exposed for longer time scales 
however show an increase in  (beyond that of pure (NH4)2SO4) with increasing 
supersaturation, suggesting that the aerosol surface tension is lower than that of water 
(Ruehl et al., 2010). It should also be noted that a constant surface tension, that of water, 
was used to calculate  and our observation of  increasing at higher supersaturations is 
once again indicative of the presence of surfactants.  
 
Table 4.2. Hygroscopicity parameter, , values for the different chamber and 
flowtube experiments for methylglyoxal (MG) and acetaldehyde (AC). 
 
Experiment Average  
(NH4)2SO4 0.60±0.18 
5 hr 250 ppb MG 0.81±0.24 
3 hr 250 ppb MG 0.74±0.22 
3 min 250 ppb MG 0.63±0.18 
5 hr 8 ppb MG 0.55±0.16 
3 min 8 ppb MG 0.59±0.18 
5 hr 250 ppb AC 0.81±0.24 
5 hr 8 ppb AC 0.72±0.22 
5 hr 8 ppb AC, 8 ppb MG 0.71±0.19 
 
Köhler Theory Analysis (KTA) (Asa-Awuku et al., 2010) was then used to infer 
the extent of surface tension depression (with respect to water) in the particles. The 
relative abundance of the organic and inorganic components were attained from water 
soluble organic carbon (WSOC) analysis and ion chromatography (IC) of aqueous 
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extracts of filter samples (obtained by pumping down the chamber for approximately 14 
h following an exposure experiment with 250 ppb of methylglyoxal and 5h residence 
time). The ratio of inorganic:organic material in the filter extracts was 829, which is 
somewhat lower than that predicted based on Henry’s Law uptake of methylglyoxal to 
the particles, 3209. This could be due to continued reactive uptake of the gas-phase 
organic on the filter during particle collection. KTA suggests that methylglyoxal and its 
reaction products suppress the surface tension of the aerosols to 65.1±0.8 dyn cm
-1
 
compared to 72.55 dyn cm
-1
 for water.  
Acetaldehyde is another VOC which has been shown to depress surface tension in 
bulk aqueous ammonium sulfate solutions (Li et al., 2011). Chamber experiments similar 
to those carried out with methylglyoxal were conducted using 250 ppb of acetaldehyde at 
an exposure time of 5 h. Acetaldehyde enhances CCN activity even more than 
methylglyoxal, reducing the critical activation diameters on average by 9.68±0.04%. 
Particles exposed to acetaldehyde become substantially more hygroscopic than pure 
ammonium sulfate, with  values ranging from 0.62 to 1.00.  is, in general, higher at 
high supersaturations, consistent with a surfactant-enhanced apparent hygroscopicity. The 
power law exponents deviate slightly from Köhler theory, averaging -1.47±0.06. 
The gas-phase methylglyoxal, acetaldehyde, and particle concentrations used 




, 2.5 ppb 





, 0.125 ppb methylglyoxal (Roberts et al., 2003; Fu et al., 2008), 
0.5 ppb acetaldehyde (Kesselmeier et al., 2002)). Chamber experiments conducted at 










a 5h residence time showed a depression in critical activation diameters by 6.01±0.02% 
at the supersaturations studied (Figures 4.2, 4.3). However, experiments conducted at 




, 8 ppb methylglyoxal) 
showed CCN activity closer to that of ammonium sulfate. Recent studies of acetaldehyde 
and methylglyoxal mixtures in bulk ammonium sulfate solutions showed that cross-
reactions lead to greater surface tension depression than predicted based on the single-
species isotherms (Li et al., 2011). To represent a more atmospherically relevant 





 of ammonium sulfate were exposed to 8 ppb each of methylglyoxal and 
acetaldehyde for 5h. These experiments showed similar CCN enhancement to the low 
concentration acetaldehyde experiments. Unlike the bulk experiments of Li et al. (2011), 
no synergistic effect due to the mixed organics was observed. This suggests that the 
mechanisms of surface tension depression may be different in these two systems. For 
example, the formation of oligomer cross products may be more important to surface 
tension depression in the bulk system. 
The wet diameter profiles of the activated droplets formed by the particles 
exposed to methylglyoxal and/or acetaldehyde at all time scales studied are similar to that 
of pure (NH4)2SO4. These observations rule out the possibility of a kinetic barrier to 
water uptake to these particles on the timescale of the CCN measurements (Feingold and 
Chuang, 2002). However, the barrier action of a surfactant film towards the uptake of 
gas-phase species to the particle depends on the identity of the penetrating gas-phase 
molecules, so a barrier effect for the uptake of trace gases (with implications for aerosol 
heterogeneous chemistry) is a question for future study. 
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Methylglyoxal and acetaldehyde have low effective Henry’s Law constants 
compared to that of glyoxal (Betterton and Hoffmann, 1988a). In accord with the 
observations of Kroll et al. (2005) (Kroll et al., 2005), we observed negligible particle 
growth when (NH4)2SO4 particles with a diameter of 150 nm were size-selected using a 
differential mobility analyzer (DMA, TSI) and exposed to methylglyoxal in the chamber 
(Figure 4.7). This suggests that the organic species in this study reside at the gas-aerosol 
interface and induce the significant effects on CCN activity observed mainly by altering 
the properties of the particle surface. This is the first time that the presence of relatively 
insoluble VOCs has been shown to enhance aerosol CCN activity. 
  
 
Figure 4.7. SMPS data showing the number size distribution of particles over time. 
150 nm particles were size-selected using the DMA and put into the chamber. As 
can be seen, there is negligible particle growth.  
 
If the total uptake of methylglyoxal to the particles is described by Henry’s Law, 
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solutions (Sareen et al., 2010), the surface tension of the particles exposed to 250 ppb of 
methylglyoxal at the moment of activation is predicted to be 72.02dyn cm
-1
. This leads to 
a very small predicted change in  (2.2% increase relative to pure ammonium sulfate). A 
similar calculation for acetaldehyde, which has a Henry’s Law constant two orders of 
magnitude lower than that of methylglyoxal (Betterton and Hoffmann, 1988a), predicts 
an insignificant change in  (0.01% increase). The fact that we observe a much greater 
enhancement in  than these predictions suggests that surface adsorption may play a 
significant role in determining the aerosol surface tension, and thus CCN activity 
(Donaldson and Vaida, 2006; Djikaev and Tabazadeh, 2003). If surface-bulk 
repartitioning of the solute had been dominant, it would have depressed hygroscopicity 
further when compared to the pure inorganic. Romakkaniemi et al. (2011) modeled a 
similar system, specifically the reactive uptake of gas-phase methylglyoxal to (NH4)2SO4 
aerosol, allowing OH oxidation to take place (Romakkaniemi et al., 2011). They 
predicted that total reactive uptake of surface-active species into the aqueous phase may 
be enhanced by surface-bulk partitioning, especially for small particles, beyond what 
would be predicted based on Henry’s Law alone. The significant differences between the 
model system of Romakkaniemi et al. and our study are that 1) the additional driving 
force for uptake of the aerosol-phase OH reaction with the organics is absent in our 
experiments and 2) they assume equilibration with the bulk.  
Analysis of the CCN activity of atomized aqueous filter extracts provides insight 
into the hygroscopicity of the bulk material in the aerosol. By comparing this 
hygroscopicity to that of the chamber aerosol, we can deduce changes related to surface 
processes and nonequilibrium phenomena occurring in the chamber. We find that the 
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filter extracts show similar CCN activity to that of pure (NH4)2SO4, but much less than 
that of particles exposed to methylglyoxal in the aerosol chamber for 3-5 h (Figure 4.8).  
 
 
Figure 4.8. CFSTGC data of the extracted filter samples obtained by pumping 
down the chamber for ~14 h following the 5 h run. The dry diameters are compared 
to the (NH4)2SO4 control. 
 
Similar results were observed for aerosols formed by atomizing bulk aqueous 
solutions of 3.1 M (NH4)2SO4 and 0.5 M methylglyoxal 24 h after mixing (previously 
shown to exhibit significant surface tension depression) (Sareen et al., 2010). Aerosols 
formed from atomized solutions of 0.5 M methylglyoxal and/or 0.5 M acetaldehyde and 
Millipore water exhibit decreased CCN activity compared to pure (NH4)2SO4, typical of 
pure organic aerosols (=0.12±0.04) and drastically different from the observed chamber 
aerosol hygroscopicity (Figure 4.9). In the chamber experiments, the estimated 
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 M). This supports the notion that surface adsorption of 
methylglyoxal (not present in the atomized solution experiments) is key to the CCN 
enhancement seen in the particles sampled directly from the chamber, as the 




Figure 4.9. CFSTGC data from organics in solution compared to the (NH4)2SO4 
control. The plot includes: (NH4)2SO4 solution, methylglyoxal solution, 
methylglyoxal / NH4)2SO4 solution, acetaldehyde solution, acetaldehyde / 
(NH4)2SO4 solution, methylglyoxal / acetaldehyde solution, and methylglyoxal / 
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4.5 Conclusions 
Here, we present direct evidence that two ubiquitous atmospheric trace gases, 
methylglyoxal and acetaldehyde, can also be significant sources of aerosol surfactants, 
through reactive uptake and potential formation of surface-active oligomers (Sareen et 
al., 2010). This effect is demonstrated by conduction chamber experiments to study how 
the uptake of two VOCs in the atmosphere, methylglyoxal and acetaldehyde, on 
(NH4)2SO4 seed aerosols can affect their CCN activity. Significant enhancements in CCN 
activity, up to 15% reduction in critical dry diameter for activation, are observed over a 
timescale of hours, without any detectable limitation in activation kinetics. This reduction 
in critical diameter enhances the apparent particle hygroscopicity up to 65%, which can 
lead to a significant increase in cloud droplet number concentrations by up to 20%. At 
250 ppb, both organics individually enhanced CCN activity. At more atmospherically 
relevant concentrations of 8 ppb, acetaldehyde depressed the critical activation diameters, 
whereas no change was seen with methylglyoxal. A mixture of the two organics at lower 
concentrations also showed enhancement in CCN activity. This is the first experimental 
study where such an effect has been demonstrated and it is likely that a similar effect may 
also be observed in ambient aerosols in the presence of a mixture of surface-active 
VOCs. Gas-phase surfactants may be an important and overlooked source of enhanced 





CHAPTER 5. Conclusions and Future Directions 
 
 The primary goal of this research has been to assess the role of methylglyoxal as a 
potential SOA precursor and its impacts on aerosol relevant physical and chemical 
properties, particularly optical properties and CCN activity. We have observed that the 
uptake of methylglyoxal on aqueous aerosols is a potentially significant source of light-
absorbing SOA that can also enhance the CCN activity of the seed aerosol.   
 We show that methylglyoxal forms light-absorbing secondary organic material in 
aqueous ammonium sulfate and ammonium nitrate solutions mimicking tropospheric 
aerosol particles. The kinetics were characterized using UV-Vis spectrophotometry. The 
results suggest that the bimolecular reaction of methylglyoxal with an ammonium or 

















.  Evidence of aldol condensation 
products and oligomeric species up to 759 amu was found using chemical ionization 
mass spectrometry with a volatilization flow tube inlet (Aerosol-CIMS). Tentative 
identifications of carbon-nitrogen species and a sulfur-containing compound were also 
made using Aerosol-CIMS. Aqueous solutions of methylglyoxal, with and without 
inorganic salts, exhibit significant surface tension depression. These observations add to 
the growing body of evidence that dicarbonyl compounds may form secondary organic 
material in the aerosol aqueous phase, and that SOA formation via heterogeneous 
processes may affect seed aerosol properties.  
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 As mentioned above, the aqueous-phase reaction products of methylglyoxal when 
NH4
+
 is present include species featuring unsaturated C=C bonds such as aldol 
condensation products and imidazoles which are likely to be vulnerable to oxidation by 
O3 and OH in the atmosphere. In chapter 3, we summarized the results of kinetic studies 
of the O3 and OH oxidation of methylglyoxal SOA products. Experiments were 
performed using aerosol flow tube reactors coupled with an Aerosol-CIMS for 
monitoring oxidation products. Particles were also collected on quartz windows to 
compare their UV-Visible absorption before and after oxidation. The oxidation of these 
particles leads to an increase in absorption and the formation of smaller, more volatile 
organic acids. In the presence of O3, methylglyoxal SOA can last for up to ~17 hrs in the 
atmosphere. With OH, which is highly reactive, the lifetime of these SOA is on the order 
of a few minutes.  
 We had observed that bulk solution studies of methylglyoxal and (NH4)2SO4 
depress surface tension of the solution, which has important implications for the CCN 
activity of aerosols. The effect of methylglyoxal and acetaldehyde on the CCN activity of 
(NH4)2SO4 seed aerosols was studied inside our 3.5 m
3
 aerosol chamber coupled to a 
CFSTGC to quantify the ability of a particle containing methylglyoxal to form a cloud. 
Significant enhancements in CCN activity, up to 15% reduction in critical dry diameter 
for activation, are observed over a timescale of hours, without any detectable limitation in 
activation kinetics. This reduction in critical diameter enhances the apparent particle 
hygroscopicity up to 65%, which can lead to a significant increase in cloud droplet 
number concentrations by up to 20%. This finding sheds importance on the role of gas-





previously overlooked and hence not represented accurately in aerosol chemistry and 
climate models.  
 It is clear that the presence of methylglyoxal in the atmosphere has important 
implications for aerosol heterogeneous chemistry and the physical properties of particles. 
In our studies we have shown that glyoxal and mixtures of glyoxal and methylglyoxal are 
significant sources of light-absorbing SOA in the atmosphere. (Schwier et al., 2010; 
Shapiro et al., 2009) The atmosphere is a mixture of numerous trace gases, and in the 
future, additional experiments should be performed to study the various properties of 
aerosol mixtures at atmospherically relevant concentrations, in both the aerosol chamber 
and flow tube reactor. Chamber experiments with the CFSTGC should be conducted with 
a mixture of gases such as methylglyoxal, glyoxal, acetaldehyde, and formaldehyde 
amongst others. The Aerosol-CIMS should also be coupled with the chamber along with 
the CFSTGC to attain real-time composition data while monitoring the CCN activity of 
the aerosols. This will help us to gain an insight into the chemical mechanisms that may 
be causing a change in the CCN activity of the aerosols. Ambient air, which is most 
representative of our atmosphere may also be filtered to remove particles. This gas-phase 
stream can then be exposed to aerosols in the chamber, to attain a more realistic 
perspective of the processes that could be happening in the atmosphere. 
 The flow tube reactor experiments we have performed thus far have been at a 
constant relative humidity of 65%. Future experiments can be aimed at trying to study the 
effect of relative humidity on oxidation by O3 and OH and consequently how it alters the 
light-absorption of the aged particles. In gas-particle partitioning models, SOAs are 
usually assumed to be liquid. Recently, this traditional view has been challenged by 
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observations of SOA adopting an amorphous solid state. (Virtanen et al., 2010) Relative 
humidity can play an important role in the physical state of the particle. Hence, 
conducting experiments at lower, dryer conditions and much higher, saturation conditions 
will be essential to gaining further insight into the chemistry of these aerosols.  
 In our bulk studies, we have observed that SOA formed from methylglyoxal as a 
precursor are light-absorbing. Relative to chamber experiments, bulk studies are easier to 
conduct and they provide insight into which processes and conditions may be important 
for the atmosphere. SOAs generated in the chamber (as done previously in chapter 4) 
through the interactions of trace organic gases and inorganic seed aerosol will provide us 
with a more realistic view of the atmosphere. Hence, SOAs can be generated in the 
chamber, particularly with glyoxal, and then exposed to oxidants like O3 and OH at high 
and low NOx regimes in the flow tube reactor. At the outlet, we obviously use the 
Aerosol-CIMS to measure composition. In addition, we can collect particles on filters to 
determine their UV-Vis absorption and additional composition information through 
Fourier Transform Infrared Spectroscopy (FTIR). The effect of oxidation on the CCN 
activity of these chamber-generated aerosols can also be determined by using the 
CFSTGC at the outlet of the flow tube reactor. Knowing the composition, optical 
properties, and CCN activity of these SOAs generated in the chamber, provides us with a 
more atmospherically relevant scenario which can then be easier to extrapolate and use in 
atmospheric chemistry and climate models and help reduce the uncertainties associated 
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